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ABSTRACT
Iron-based magnetic alloys possess very good magnetic and mechanical

properties. Among these alloys Fe-Si-B-based alloys show outstanding saturation
magnetization and coercivity which makes them great candidates for many industrial

applications.
Addition of certain elements to the Fe-Si-B base is proven to improve the
homogeneity and fineness of microstructure as well as enhance the magnetic behavior of

these alloys. In this research work, we have studied the effect of adding copper and
niobium to the Fe-Si-B base alloy.
Previous studies have shown that magnetic alloys show better magnetic properties

when their microstructure consists of nanocrystals embedded in an amorphous matrix. In

order to reach amorphization, magnetic alloys are traditionally melted and then cooled
down very fast to prevent crystallization and grain growth in their microstructure.

However, there are several disadvantages associated with this method of fabrication, such

as the limitation in thickness of the products.
To solve this issue, we proposed a new method of fabrication for magnetic alloys

where amorphization occurs through mechanical alloying, and the amorphous powder

alloy that is produced by this process is then consolidated using a technique called spark
plasma sintering

iii

finding appropriate mechanical alloying processing parameters to get an
amorphous structure. Many different processing parameters were investigated, and the

mechanical properties, microstructure, and magnetic properties of all samples were

examined. The effect of spark plasma sintering processing parameters on samples
sintered from the amorphous powders was then studied.
Finally, the amount of energy introduced to the powder from the milling balls
during the mechanical alloying process was calculated. We were able to find a trend

between the energy introduced to the powder during the milling process and the
amorphous structure of the milled powders. From our data, we draw an energy map that

shows the window of total energy in which the powder, regardless of the mechanical

alloying processing parameters under which it was milled, will show an amorphous
structure. This area has not been explored for these magnetic alloys before, and this data
can be used by researchers who are trying to obtain amorphization via the mechanical

alloying process.
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CHAPTER I
LITERATURE REVIEW

1.1. Iron-based magnetic materials and FeSiB based magnetic alloy system
Amorphous alloys are a type of alloy with no crystal segregation or specific atomic
configuration [1]. Materials with amorphous structures usually exhibit better mechanical
properties such as higher yield and tensile strength, better corrosion and wear resistance,
and lower elastic modulus in comparison to their crystalline counterparts [2-6]. The main
reason for the better mechanical properties observed in materials with amorphous

structures is the lack of crystal defects such as grain boundaries and dislocations in the
structure of these materials. Due to these mechanical advantages and many practical
applications, metallic materials with amorphous structures have been the subject of

interest in many fundamental studies [7].
Among the amorphous metallic materials with different compositions, iron-based
amorphous alloys have gained a lot of attention. The iron-based amorphous alloys not

only possess the excellent mechanical properties associated with the amorphous metallic

materials but also have the advantage of being cheap and easy to access and handle [8-9].

Additionally, iron-based amorphous alloys are great candidates for the fabrication of
magnetic alloys. Studies have shown some magnetic alloys with iron as the base/main

1

element (matrix) with Fe(Si) nanocrystals dispersed in the matrix show outstanding

magnetic properties.
One of the major advantages of Fe-based amorphous magnetic alloys is having fast

flux reversal and low magnetic loss, which makes these alloys great candidates for

applications in energy-efficient transformers, power electronics, and sensing devices.
Iron-based magnetic alloys also have applications in everyday used devices such as
mobile phones, hearing devices, and computer hard disks [10-12]. According to Alben et

al. [13], amorphous iron-based magnetics have high permeability and low coercivity
values due to the magnetization vectors being parallel to each other in such materials.
Due to these good magnetic properties and their relatively high hardness and strength,

iron-based magnetic alloys have application in industries such as aerospace and defense
[14-16]. Additionally, iron-based magnetic alloys are great candidates for applications in
sensors and inductive devices due to their ability to exhibit high permeability while
maintaining a high saturation magnetization [17-19]. Some of the most critical

applications of iron-based magnetic alloys are in magnetic components that are used in
wind power generators and converting inductors in hybrid and electric vehicles. Due to
the recent problems of increased air pollution from vehicles and demands for cleaner and
more sustainable energy, finding new techniques for optimizing the mechanical and

magnetic properties and increasing the efficiency of these magnetic components is an
absolute necessity.

Among the iron-based magnetic alloys, the ones made of the three main elements of
iron, silicon, and boron possess outstanding magnetic properties such as high
permeability while maintaining high saturation magnetization along with low coercivity
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[20-21].We chose FeSiB-based alloys for our investigations due to these outstanding
magnetic properties which according to past research is due to the embedment of Fe(Si)

nanocrystals in the iron matrix [22-24].
Higher saturation magnetization and lower coercivity can be obtained in FeSiB-based

alloys by the addition of small quantities of other elements to the base composition [25].

The addition of copper and niobium elements to the FeSiB-based magnetic alloys can
affect their mechanical and magnetic properties, microstructure, and transformation of

phases present. Studies have shown the addition of these two elements mostly has a
positive effect on FeSiB-based magnetic alloys and improves the mechanical and
magnetic properties of these alloys [26].

When copper is added to the composition, it can act as a nucleation site for α-Fe(Si)

nanocrystals which can increase the presence of these nanocrystals in the amorphous
matrix [27]. On the other hand, the addition of niobium can help prevent or reduce
excessive growth of grains and retain a fine micro structure in the alloy. Marin et al. [27]

stated that since copper is insoluble in iron in the early stages of alloying, This
insolubility will result in the creation of Cu clusters in the amorphous matrix, which can

act as nucleation sites for α-Fe(Si) nanocrystals [28]. However, Marin et al. [27] realized

that the addition of only copper to the FeSiB alloy composition would destabilize the
amorphous phase by decreasing the crystallization temperature and increasing the chance

of crystallite formation and growth. The result of research done on the addition of
niobium to the amorphous matrix showed that niobium has the exact opposite effect on
the crystallization temperature [29]. Studies have shown that the addition of niobium to
the FeSiB-based alloys can aid the stabilization of the glassy phase and delay or hinder
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crystallization [30]. Therefore, the addition of copper can help in the nucleation of the
Fe(Si) nanocrystals which are responsible for the good magnetic properties of Fe-based

magnetic alloys, and the addition of niobium can help in preventing excessive grain
growth and preserving the amorphous micro structure. The influence of the addition of

copper and niobium on laser devitrification of FeSiB-based alloys was studied by Alam
et al. [22], who observed an increase in the saturation magnetization and coercivity of

copper-containing FeSiB samples as compared to niobium containing FeSiB sample due
to finer scale Fe(Si) nanocrystals being homogeneously distributed in the amorphous

matrix . This increase in coercivity value of the Cu-containing sample compared to the
Nb-containing sample was explained by Marin et al. [27], who stated that the addition of

Cu to the amorphous matrix destabilizes it and, as a result, coercivity values begin to rise
at lower temperatures. Even though the main influence of copper is enhancing the

crystallization of α-Fe3Si crystallites and niobium to control the growth of the
nanocrystals, but studies have shown copper can affect crystal growth, and niobium can

impact the nucleation kinetics as well [31]. The advantages of the addition of each
element to the Fe-based magnetic alloys attracted the attention of researchers to the

addition of both elements to the mix. Simultaneous addition of copper and niobium to the

FeSiB alloy can decrease the stabilizing effect of niobium on the amorphous phase [32],

however, it has been proven by Drbohlav [33] that this simultaneous addition of the two
elements will aid the dispersion of α-Fe3S1 nanocrystalline in the amorphous iron matrix

and therefore improve the magnetic properties. Yoshizawa et al. [28] also studied the

addition of copper and niobium to the FeSiB magnetic alloys and concluded that the

simultaneous addition of Cu and Nb to the alloy can improve the magnetic properties of
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the FeSiB alloys due to the appearance of certain alloy-phases that occur when these two
elements are added to the mix. Other studies on the effect of the addition of copper and

niobium to magnetic alloys with similar compositions that are processed using different

processing methods have been done, which can be helpful in understanding the effect of

these two elements more in depth [34-36].

Based on the previous research done on magnetic alloys, it has been established that
superior magnetic properties can be achieved in magnetic alloys when nanocrystalline are
embedded in an amorphous metal matrix [37-42]. Studies done on iron-based magnetic

alloys have shown that the micro structure of these alloys mainly consists of precipitates

such as α-Fe(Si) in the scale of nanometer distributed in an iron matrix [43-45]. The
embedment of these α-Fe(Si) nanocrystals in the amorphous iron matrix gives the Febased magnetic alloys their excellent magnetic properties [46-48].
Fe73.5Sil3.5B9CulNb3 (Finemet) is an amorphous Fe-based alloy invented by

Yoshizawa et al. [28], which exhibits high permeability and saturation polarization (1.2-

1.3 T) along with low coercivity values of usually less than 1 A/m [27]. The finement
alloy, which was processed by the addition of copper and niobium to the amorphous

FeSiB alloy, shows an excellent combination of permeability and saturation flux in
comparison to other magnetic alloys such as Si-steel or Co-based alloys when it is in the
amorphous state [28].

1.2. Different processing routes of iron based amorphous alloys
Until recent years the main way of fabricating amorphous metallic alloys was rapid
cooling. Rapid cooling processes are capable of producing metallic material with

amorphous structure from metals that are typically in crystalline state [49-50]. In rapid
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cooling, the melted metal was either cooled to a temperature below its crystallization
temperature with a very high cooling speed of 105 to 106 k∕s, or it was prepared by
condensing the vapor into a cold substrate [51]. Due to the requirement of special safety

measures associated with the condensation of hot vapor into a cold substrate and the cost

that accompanies these safety measures, processes such as melt spinning, which are based
on fast cooling of metallic material in liquid form, are mostly used for fabrication of
amorphous magnetic alloys.

In the melt spinning process alloys are melted inside a container and are then flushed
out of a nozzle with the help of an inert gas onto a rotating wheel made of copper. The
melted alloy is then instantly solidified in order to avoid crystallization [52]. The reason

for choosing copper for the wheel is its high thermal conductivity which can absorb and
transfer the heat quickly. The wheel is constantly rotating at a high rotation speed and

being cooled down by a water-cooling system to avoid overheating.
Even though the melt spinning process is perfectly capable of producing alloys with
amorphous structure, it has its own drawbacks, such as amorphization of only the side of

the ribbon that in contact with the wheel and its incapability to produce magnetic material

with a high thickness which means it is only capable of fabricating magnetic materials in
the shape of thin ribbons or wires. The thickness of these amorphous ribbons is typically

less than 50 μm with width of up to 30mm [5], and they need to get stacked on top of
each other in order to make bigger magnetic components. For certain magnetic
components, thousands and sometimes even tens of thousands of these thin ribbons need

to get stacked in order to reach the desired thickness. Stacking this large number of

ribbons, especially for applications where both mechanical and magnetic properties are of
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importance (such as permeability engineering), is not practical. Another important

drawback of the melt spinning process is that the ribbons fabricated by rapid cooling are
quite brittle and require further heat-treating steps, which makes the fabrication of

magnetic components with complex shapes using these ribbons more difficult
[53]. Furthermore, the shapes of the magnetic parts produced with the rapid cooling

technique are only limited to the shapes and sizes that can be machined out of the stack of
ribbons. Therefore, it is important to come up with a technique to not only increase the

efficiency of the produced magnetic alloys but also miniaturize them for applications in
electric and electronic equipment.

1.3. Application of mechanical alloying/milling for processing amorphous
materials
The drawbacks associated with the rapid cooling processes have attracted the
attention of some researchers to mechanical alloying as a powerful alternative for the

fabrication of amorphous magnetic alloys. Mechanical alloying (MA) is a powder
processing technique that is capable of fabricating amorphous and crystalline alloys.

Mechanical alloying or powder metallurgy was established over three decades ago and is
capable of producing homogeneous material from elemental blend powders. This non

equilibrium technique is capable of processing materials in large quantities and has a

relatively low cost compared to some of the other alloy production techniques. Moreover,

conventional methods of alloy production, which depend on the melting and mixing of

metals, require the melting points of the alloying materials to be close to each other.
However, the mechanical alloying process has the ability to process various metals with

different melting temperatures to form alloys.
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During the mechanical alloying process, the elemental powders are placed inside a

high energy ball mill along with the grinding media; when two milling balls collide, the
powder particles that are placed in between them get flattened and fractured and then

fused back together due to a competing cold-welding process. During the MA process,

alloying takes place due to these continuous and repeated fracturing and rewelding of
particles [54].

Other than making an alloy out of elemental blend powders, the mechanical alloying
technique is also capable of amorphization of the alloy. Generally, the amorphization
process during the mechanical alloying technique happens as a result of diffusion along
with the constituent interfaces of primary components at relatively low temperatures
Weeber et al. [55] proposed three different routes by which amorphization takes place

during the MA of elemental powders. First, continuous broadening of the peaks in the

XRD patterns. Second, decrease in the intensity of the Bragg reflection, and third, the

formation of crystalline intermetallic products and later transformation of these products
into amorphous alloys.

According to Hu et al. [56] there are two main factors that can drive the

amorphization process: changes in the free energy of the system and increase of defect
concentration or instability of the lattice. As for the concentration of defects and
instability of the lattice, there are a number of lattice defects involved with the
mechanical alloying process, such as dislocations, grain boundaries, vacancies, and

interstitials, that occur during the MA process and can all affect the kinetics (different
diffusion coefficients as well as large negative heat of mixing) and thermodynamics of
the amorphization process during milling [57-59]. As for the free energy of the system,
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during the mechanical alloying process, the free energy of the crystalline phase can rise

due to the defects, which means this phase will become unstable in comparison to the
amorphous phase.

The thermodynamics of the alloy system and the amount of energy that is provided to
the powder during the mechanical alloying process governs the phase formation and

amorphization of the powder being milled. Koch et al. [18], who studied the
amorphization process during the mechanical alloying of different powder compositions,
stated that amorphization during the milling process increases the free energy of crystals

which means the amorphous phase will be thermodynamically favorable. The driving
force of the amorphization reaction depends on the enthalpy of the mixing of the
elemental powders. If the enthalpy is positive, the solid-state reaction will not happen

therefore, the system needs to have a negative enthalpy of mixing for amorphization to
take place [18] (the work of Schwarz et al. [60] can help in finding the free enthalpy

diagrams of solid-state reaction systems). Schwarz et al. [60] stated that solid-state

amorphization involves the diffusion of components into the matrix in a way that

produces a lot of negative heat of mixing. As a result, the free energy of the amorphous
phase would be lower than that of the crystalline phase, and therefore amorphization

would be favored.

Generally solid state amorphization (SSA) can happen by mechanically alloying of

elemental powders in crystalline or amorphous state or by milling of intermetallic
compounds [60]. In case of mechanical milling of intermetallic compounds

amorphization takes place due to lattice defects as well as chemical disordering in the

lattice, however, in case of mechanical alloying of elemental powders solid state
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amorphization happens due to diffusion and negative heat of mixing [61]. Schultz [62]
who studied the amorphization of metallic material by mechanical alloying stated that
during the MA process the particles that are placed in between the colliding milling balls

get flattened and form ultra-thin layers. The fusion reaction then starts at these new
interfaces and since the fusion-related growth selection favors the amorphous phase, this

phase grows faster than the crystalline intermetallic phase and the amorphous phase

eventually takes over. Hu et al. [56] who also studied amorphous materials, stated that for
pure metals to be able to amorphized, other than a large negative mixing heat, a big
difference between mutual diffusion is also required which can both be obtained by the

mechanical alloying process [56]. Therefore, the MA process is chosen for alloying of the

elemental powders as well as to obtain a powder alloy with amorphous structure.

1.4. Spark plasma sintering of soft magnetic alloys
After the powder alloy is processed by the mechanical alloying technique it then
needs to be consolidated into a bulk magnetic part. The mechanical alloying process is
capable of producing alloy powders in amorphous or crystalline state which are both
suitable for consolidation and compaction into various shapes. Consolidation of the
mechanically alloyed powders is done by the spark plasma sintering (SPS) process. The

SPS process uses a uni-axial press to densify the powder and then utilizes a pulsed direct
current in order to heat the powder up. The reason for choosing the SPS process for

consolidating the powders is the fact that SPS can process a wide range of materials such

as metals, ceramics, and composite powders, and it can process the powders at a higher
speed and lower temperature compared to conventional sintering techniques such as hot
pressing. The higher speed in sintering and lower sintering temperature will preserve the
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micro structure of the sintered parts, prevents grain growth, and retains the nanocrystalline

structure [63]. Other than the capability to process different types of material SPS
technique is also capable of processing powders in a wide range of particle sizes.

Additionally, SPS is capable of fabricating bulk parts that are near-net shape and are fully

dense, which has attracted a lot of attention to the process. The pulsed direct current that
is used in the SPS process produces sparks which instantaneously heats up the powder,
and the uni-axial pressure that is induced to the powder during the sintering process helps

in homogenizing the microstructure of the consolidated alloy. When the spark discharges
in the gaps in between the powder particles during the spark plasma sintering process, a

high local temperature is generated, which causes evaporation and melting on the grain

boundaries of the particles, which will bound the particles together and form a fully dense
part without the need to actually melt the powder alloys completely. Joule’s law states

that the current has a tendency to go through the pass of least resistance. In the case of
powder being spark plasma sintered, the areas with the least resistance for the current to

pass through are the grain boundaries, which is why the electric field is generated in these

areas, melting and connecting the grain boundaries and making the sintering process
possible [64]. The speedy heating process associated with SPS and its capability in

heating the sample simultaneously and homogeneously from inside and out prevents

grains from aggressive growth and preserves the nanocrystalline structure which is why
SPS is a great technique for processing nanocrystalline material. [65]. SPS is also capable

of processing parts with uniform grain structures in a single step and without the need for
any post-processing. Processing amorphous alloys using the mechanical alloying
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technique followed by the spark plasma sintering process can be the new route for the
fabrication of bulk magnetic alloys with great magnetic and mechanical properties.
Spark plasma sintering processing parameters can affect the magnetic and mechanical

properties of the fabricated parts. There is only a little research done on the sintering of
soft magnetic alloys, and therefore the effect of the sintering processing parameters on
the sintered alloys is not yet fully understood. Among the SPS processing parameters
sintering temperature is the most important parameter which can affect both mechanical

and magnetic properties of the fabricated part. A few researchers have studied the effect

of temperature on sintered alloys with similar compositions. Xiao et al. [66] have
experimented on FeSiCuNb composition and proven that the sintering temperature is
indeed effective on the magnetic properties of this alloy. According to their findings,
sintering temperature affects both saturation magnetization as well as coercivity. They
discovered that increasing the sintering temperature increases the saturation

magnetization while the coercivity decreases with higher temperatures. Due to the

presence of boron and the possibility of formation of boron phases in our samples, and
the fact that boron phases such as Fe2B, Fe3B, or Fe23B6 can negatively affect the

saturation magnetization and increase the coercivity values, tuning the SPS processing
parameters in order to get the best mechanical and magnetic properties for our samples is
more challenging. Other than the sintering temperature there are other SPS processing

parameters such as holding time and maximum pressure that can also affect the fabricated

part. Neamtu et al. [67] studied the role of holding time on SPS-processed Fe-based
alloys sintered at low pressures. In this study in order to achieve full densification at low
pressure, Neamtu et al. [67] increased the sintering temperature (up to 800oC) and
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holding time and concluded that as a result of better densification at higher temperatures
and holding time, the magnetic properties of the alloy improved. Gheiratmand et al. [68]

worked on the sintering of Finemet at low pressures and long holding times. One of their
discoveries was that the density of the fabricated part depends on whether the initial
powder was amorphous or partially crystallite (higher density in the case of amorphous
powder due to placement of smaller powder particle in between bigger particles).

Additionally, they realized that longer holding times help in increasing the saturation
magnetization of the alloy, however, it will also increase the chance of crystallization and

create a coarse and completely un-amorphous micro structure in the sintered sample.

As mentioned before, pressure is another factor that can affect the properties of the
SPS-fabricated parts. Xio et al. [66] studied the effect of maximum pressure and holding

time on the microstructure of SPS-fabricated samples and found that if the loading
pressure is less than 500 MPa, the powders would not be consolidated or may require

longer holding times to achieve full densification. Neamtu et al. [67] did SPS on FeSiB
composition with holding time of 1 to 15 minutes with varying temperatures from 450 °C
to 900 0C and maximum pressure of 30 MPa. As the pressure that was chosen for the
experiments was too low, Neamtu et al. only achieved full compactions at temperatures
over 800 °C. This high sintering temperature can cause grains to grow excessively and

since our goal for our experiments was to achieve fully dense parts while avoiding
crystallization and grain growth, we chose a high pressure for our SPS experiments (600

MPA) in order to avoid having to increase the holding time or sintering temperature to be

able to achieve full densification.
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1.5. Different processing parameters affecting amorphization of iron-based alloys
During the mechanical alloying process certain amount of kinetic energy is

introduced to the powder. This energy that is induced to the powder as a result of a
continuous collision with the rotating milling balls will affect the amorphization process.
During the mechanical alloying process, each milling ball, depending on its size, rotation

speed, etc., has a certain amount of energy which is called the energy of a single ball.

This energy is calculated by the assumption that there is only one ball present in the

milling bowl, and there are no interactions between that particular ball with the rest of the
milling balls during the milling process. However, in reality, the interaction between the
milling balls affects their energy which is why there is another energy that should be
taken into consideration, called the total energy of the process. The total energy of the

process is the entire energy introduced to the powder particles by all the milling balls in
throughout the process of mechanical alloying. There are several different mechanical

alloying processing parameters that can affect the total energy involved in the process,
the energy of each single milling ball as well as the amorphization process during

milling. The milling processing parameters such as the size of the balls, the ball to
powder weight ratio, the rotation speed, the milling duration, and even the process control

agent, which prevents the powder from cold welding during the process, can affect the
amorphization. Yang et al. [69] studied the amorphization of SiBCN powders via high-

energy ball milling and observed that the amorphous phase is easier to obtain with
milling balls with smaller sizes. Yang et al. [69] also studied the effect of milling
duration and ball to powder weight ratio on the structure of SiBCN powders and came to
the conclusion that longer milling durations and higher BPR aid the amorphization
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process. This observation from this study is interesting since Yang et al. [69] did not get a
fully amorphous microstructure until a BPR of 100:1; however, they were able to obtain
amorphization in a relatively short time of 30 hours. In comparison, in our studies we got
the best amorphization results with a fairly low BPR of 10:1 and milling duration

between 30 and 120 hours depending on the rotation speed. Aydinbeyli et al. [70] studied
mechanically alloyed Mg-Ni alloys and observed various amorphization times for

different mechanical alloying processes. Aydinbeyli et al. [70] were able to obtain a fully
amorphous powder with milling durations ranging from as low as 5 hours up to 60 hours

of milling. The only varying factor in their experiments was the ball to powder weight

ratio, which changed from 5:1 to 20:1. This proves the importance of the role of BPR in

obtaining a fully amorphous structure since changing it can increase the required time for
amorphization by more than ten times. Other than the amorphization, mechanical

alloying processing parameters such as milling duration and ball to powder weight ratio
greatly affect the crystallite size of the milled powders [71]. Studies have shown that a
higher ball to powder ratio usually reduces the grain size of the powder. Suryanarayana

[72] stated that the reduction of crystallite size as a result of higher BPR is mainly due to
the fact that at higher BPRs, the number of collisions per unit time increases, and
therefore, the energy that is transferred to the power increases as well. They introduced a
formula that directly correlates the energy of milling to the size of the crystallites and

surface area of the grains during the alloying process. The reason for the importance of
studying the effect of mechanical alloying processing parameters on the particle size is

that it has a direct effect on the magnetic properties of the magnetic alloys. According to
the Herzer model, the grain size has a strong influence on Hc and when grain sizes are
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less than 40 nm, the coercivity drastically drops as a result of the ferromagnetic exchange
interactions [73]. Moreover, magneto-crystalline anisotropy is the primary factor

determining coercivity; the reduction in magneto-crystalline anisotropy due to reduced
grain size leads to low coercivity values. Raja et al. [74] found this size to be ~ 10 nm for

Finemet type alloys which is less than 35 nm which is the ferromagnetic exchange length

of Fe-Si alloys. Tong et al. [75] also studied the effect of crystallite size (D) on coercivity
and observed a proportional relationship between the two variables. Other researchers

have done similar experiments on the effect of crystallite size on the magnetic properties

of magnetic alloys. Carr et al. [76] who studied the crystallite size of melt-spun Fe-Nb-B
magnetic alloys, Hartridge et al. [77] who investigated the magnetic properties of

nanocrystalline magnetic material and their dependence on crystallite size, Berkowitz et

al. [78] who studied the magnetic properties of ferromagnets and Passamani et al. [59]

who studied the magnetic and thermal behavior of iron-boron alloys observed similar
results as Tong et al. [75]. In this research work we have studied the effect of mechanical

alloying processing parameters on FeSiB-based magnetic alloys processed via
mechanical alloying and spark plasma sintering and have investigated the effect of these

parameters on particle size, amorphization and mechanical and magnetic properties of
these alloys.

1.6. Critical issues discovered
The principal objective of this research work was to identify the factors affecting the
amorphization of iron-based softmagnetic materials during the mechanical alloying

process. Amorphization during the mechanical alloying process occur due to high density

of defects such as vacancies, dislocations and grain boundaries which affect the kinetics
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of the process and favor the amorphization reaction over crystallization. The energy

introduced to the powder as a result of constant collision between the milling balls and
powder particles increases the defect density produced during mechanical alloying and

aids the diffusion processes and therefore the amorphization reaction. Mechanical

alloying processing parameters play an important role in defining the kinetic energy
introduced to the powder during the milling process and as a result affect the glass
forming ability of blend of elemental powder composition.

In this study alloys with full amorphous structures were defined based on the
microstructural studies of the mechanically alloyed powders milled with different

processing parameters. The total energy introduced to the powder during these milling

processes were then defined and an energy map was created which shows the correlation
between the energy of the process and the amorphous structure of FeSiB-based alloys.

Additionally, effect of spark plasma sintering temperature on mechanical and magnetic
properties of the sintered FeSiB-based alloys was identified.
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CHAPTER II

PROCESSING TOOLS AND EXPERIMENTAL DETAILS

2.1. Alloy composition
Iron, silicon, boron, copper and niobium elemental powders were used for

producing FeSiB, FeSiBNb, FeSiBCu and FeSiBCuNb magnetic alloys. Iron powder with
purity of 99.9% and size of 1-9 μm, silicon with purity of 99.99% and mesh size of- 325,
amorphous boron with purity of 97%, copper with purity of 99.9% and size of 1-5 μm, and

niobium: with purity of 99.8% and size of 1-5 μm were obtained from Carpenter

Technology. The Fe, Si, B, Cu and Nb elemental powders were combined with atomic
weight percentages mentioned in table 2.1 in order to process the following compositions:

compositions Fe77.5Si13.5B9, Fe76.5Si13.5B9Cu1, Fe74.5Si13.5B9Nb3 and Fe73.5Si13.5B9Cu1Nb3.
Table 0-1 Chemical composition ofFeSiB, FeSiBCu, FeSiBNb and FeSiBCuNb
Composition

Fe

Si

FeSiB

77.5

13.5

FeSiBCu

76.5

FeSiBNb

FeSiBCuNb

Content
(at.%)
B

Cu

Nb

9

0

0

13.5

9

1

0

74.5

13.5

9

0

3

73.5

13.5

9

1

3
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2.2. Mechanical alloying
Fritsch Pulverisette 7 high energy planetary ball mill was used for ball milling the

above-mentioned alloy compositions. The milling media, including the milling balls and

milling bowls/vials, were made out of tungsten carbide. The process of milling was done

under an argon atmosphere. The elemental powders as well as the milling media were
placed inside a standard glove box and after placing the appropriate powder composition
and number of milling balls inside the bowls the milling bowls were sealed to prevent

oxidation during the process specially at higher rotation speeds. In order to prevent

agglomeration of powder particles, cold welding and bonding between powder particles
and the milling media 2 wt% stearic acid/ benzene were added to the elemental powder

mix as a process control agent (PCA). PCAs can be in solid (stearic acid) or liquid
(benzene) form and should be between 1-5 wt% for best result [79]. Mechanical alloying

processing parameters such as the weight ratio of milling balls to the powder that is being

milled, the size of the milling balls, the rotation speed of the milling machine, the duration

of milling and different PCAs were studied. The ball to powder weight ratios (BPR) for the
mechanical alloying experiments in this project are as follows: 5:1, 10:1, 15:1. This means

that if we use 10 g of powder for instance, in case of BPR 5:1 we need to add 50 grams of
milling balls, 100 g of milling balls in case of BPR 10:1 and 150 g of milling balls in case
of BPR 15:1. The milling durations used for this project ranged from 10-120 hours. Several
experiments were done with milling durations of 10, 20, 30, 60, 90 and 120 hours with

different alloy compositions and mechanical alloying processing parameters. The rotation
speeds used in our experiments were: 350 rpm, 500 rpm and 700 rpm. The kinetic energy
released from the collision between the milling balls can convert into heat during the
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alloying process therefore the milling process needs to be interrupted in order to give the
powder and the milling media time to cool down. In order to prevent the milling media

from overheating during the mechanical alloying process and the powder getting cold
welded, especially in case of powders being milled with high rotation speed of 700 rpm,

we put 10 minutes pauses in between the 10 minutes milling periods. The resultant powder

alloy from the mechanical alloying process was then consolidated using the spark plasma
sintering technique.

2.3 Spark plasma sintering
Spark plasma sintering process was done under controlled argon filled

atmosphere. The powder was pre-compacted with 20 MPa pressure and the maximum

pressure during the sintering process was at 600 MPa. The pre-compact pressure is the

initial pressure by which the powder is kept in place inside the die and in between the

punches (20 MPa in this case). This pressure will ramp up to the maximum pressure

chosen for the sintering process (600 MPa in this case) at a rate of 100 MPa/min. At the
next stage temperature ramps up to the sintering temperature at the heating rate of

30°C∕min while the powder is kept under the maximum pressure. After reaching the

maximum temperature the powder is kept under the sintering temperature and the
maximum pressure for a certain amount of time which is refeιτed to as the holding time.
The holding time of 5 minutes was used for all the experiments in this research work.
Dies and punches with diameter of 10 mm were made of tungsten carbide. Tungsten
carbide dies and punches were chosen due to their ability to endure higher pressures and

moderately high temperatures. The dies and punches were covered with graphite foil in
order to prevent direct contact between the powder alloy and the dies and punches as well
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as for better electrical conductivity. Different sintering temperatures were selected in
order to study the role of sintering temperature on microstructure, mechanical properties
and magnetic behavior of the samples. Three different temperatures of 470, 510 and 550

oC were used for different experiments. For the first set of experiments (chapters 3 and 4)
550 oC was selected as the sintering temperature. Differential scanning calorimetry

(DSC) was performed with heating rate of 10 oC∕min with maximum temperature of 800

oC under argan atmosphere in order to find the crystallization temperatures of different
phases in the alloy powder. A major exothermic peak which indicated the crystallization
temperature for this particular alloy was observed at around 500 oC and 2 temperatures of
470 oC and 510 oC were chosen, one bellow and one above the crystallization

temperature of the alloy, for the next set of experiments (chapter 5).

2.4 Heat treatment
The annealing heat treatment was done in an oven furnace at the temperature of
200 oC for duration of 2 hours in order to relieve the residual stress induced to the
powder during the mechanical alloying process. The oven furnace was not inert

atmosphere therefore in order to prevent the alloy from oxidizing a glove box with argon
atmosphere was used. After the milling process the milling vials were placed inside the
glovebox and powder was taken out of the vial, weighed, and placed in a secure container

for annealing. The mechanical and magnetic properties as well as the micro structure of
the sample sintered from the annealed powder were then compared with sample sintered
from the same powder batch (milled with the same parameters) but un-annealed.
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2.5 Microhardness
The microhardness values of the SPS consolidated samples were measured using
a standard Wilson Vickers microhardness tester. The measurements were taken under a

load of 5N and dwell time of 10 seconds. For each sample microhardness readings of 10

different were taken into account and the average value was reported.

2.6 Microstructural analysis
For microstructural analysis, the spark plasma sintered samples were mounted

using an Allied TECHPRESS 3 mounting press and polished using an automatic Fritsch
polisher. Polishing was done on different grit polishing papers ranging from rough to soft

250 to 1200 grit. The roughest polishing paper with 250 grit was used to remove the

graphite left on the surface of the sample after mounting. Polishing papers 400, 600, 800
and 1200 grit (roughest to softest) were then used to further smoothen the surface. The
sample was rotated 90o clockwise every 5 minutes of polishing in order to prevent
leaving marks on the surfaces. Final polishing was done using colloidal silica on a micro

cloth. While the samples were polished by each of the 400-1200 grit polishing papers for
10-15 minutes, they were polished for 30-45 on the micro cloth and only 5 minutes on
250 grit paper. After final polishing on the automatic polisher on a micro cloth a

vibrometer was used for the final polishing stage in order to get the clearest view of the
micro structure.

After the polishing steps the samples were viewed and characterized with a FEIQuanta Nova-SEM. Both secondary and backscattered images were taken at
magnifications ranging from 100x to 5000x.
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2.7 X-ray diffraction and crystallite size analysis
The structure and phases of powder and consolidated samples were determined
with an X-ray diffraction (XRD) using a Rigaku Ultima III X-Ray diffractometer (Cu Kα
radiation, 1.54 A). The 2θ range for all the powder and sintered samples of all the milling
conditions were 30 ° to 90o. The crystallite size of the sintered samples was measured

based on the X-ray diffraction data by using the Scherrer equation [80]. In the Scherrer
formula B=Kλ∕(L cos (θ)), K is the shape factor which was considered 0.94. λ is the
wavelength of the x-ray which in our case is 0.1542 nm. L is the peak at Full Width at

Half Maximum (FWHM) (linear dimension of the particle which is line broadening at

FWHM minus the instrumental line broadening) and θ is the Bragg angle (in radians).

2.8 Magnetic properties
Magnetic properties of the mechanically alloyed powder as well as spark plasma
sintered alloys were measured using a magnetometer (VSMLakeshore 7404) with

maximum magnetic field of IT.
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CHAPTER III
INFLUENCE OF COPPER AND NIUBIUM ON AMORPHIZATION OF

FeSiB-BASED ALLOYS

3.1 Abstract
Addition of elements such as copper and niobium to iron-based magnetic alloys

affects their micro structure as well as their magnetic properties. In this chapter 1effect of

addition of these 2 elements to the FeSiB-based magnetic alloys is studied. Alloys with
the following compositions were considered: Fe77.5Si 13.5B9, Fe76.5Si13.5B9Cu1,

Fe74.5Si13.5B9Nb3 and Fe73.5Si13.5B9Cu1Nb3.

Magnetic and mechanical properties as well as the microstructure and crystallite

sizes of these compositions were studied. It was found that addition of copper or (and)
niobium to the FeSiB-base alloy improves the magnetic properties of the alloy and results

in higher saturation magnetization and lower coercivity values. The higher saturation
magnetization obtained can be attributed to the larger volume fraction of α-Fe3S1

nanocrystals which is due to the presence of copper particles that act as nucleation cites
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for these nano particles. The lower coercivity values can be attributed to the presence of
niobium which prevents excessive grain growth and consequently reduces the coercivity

values. Grain sizes and homogeneity of the sintered alloys was studied using SEM

images and microhardness values of the samples were obtained using a standard Vickers

microhardness tester. Finer micro structure was observed for sample containing niobium
from SEM images. An increase in the micro hardness of the sintered FeSiBCuNb alloy

was observed with increasing the milling duration primarily due to a decrease in
crystallite sizes. Moreover, the micro hardness of FeSiB alloys were also found to

increase monotonically with longer milling durations due to a more uniform
microstructure and smaller grain sizes. Furthermore, x-ray diffraction was also done on

samples containing each element in order to study their effect on phase transformation
and crystallite size of the magnetic alloys.

3.2 Introduction
Iron, silicon and boron-based (FeSiB) alloys are a group of magnetic alloys with

outstanding magnetic properties such as high permeability and saturation magnetization

as well as low coercivity values [81-82]. The good magnetic properties of these alloys are
mostly attributed to the formation of nanocrystalline α-Fe(Si) grains that are dispersed in
an amorphous Fe matrix [83]. FeSiB-based magnetic alloys possess good magnetic

properties however, adding elements such as niobium and copper to the mix can further

improve the magnetic and mechanical properties of these alloys. When copper is added to
the base FeSiB alloy it acts as a nucleation site for α-Fe(Si) nanocrystal particles while

addition of niobium is proven to reduce the growth of the nanocrystals [27][73]. Effects

of copper and niobium on iron-based magnetic alloys was confirmed in the studies done
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by Marin et all [27]. In their experiments Marin et al. [27] made the observation that

copper tends to cluster in the iron matrix. This tendency in copper is due to the fact that
Cu does not dissolve in iron and therefore tends to cluster. The copper clusters in the
alloy then act as nucleation sites for Fe(Si) nano crystals. These nucleation cites then aid
the crystallization of α-Fe3S1 which consequently enhances the magnetic properties of the

alloy. Youshizawa et al [49], who studied the micro structure of ultrafme iron-based
magnetic alloys, also stated that insolubility of copper in the iron matrix creates Cuclusters which act as nucleation cites specially during the initial stages of mechanical

alloying. Youshizawa et al [49] also discovered that addition of niobium to the magnetic
alloys increases the crystallization temperature which as a result delays crystallization
and aids stabilization of the glassy phase. Finemet (Fe73.5Si13.5B9Cu1Nb3) which is an
amorphous iron-based magnetic alloy was first processed by adding the 2 elements of

copper and niobium to the traditional composition of iron, silicon and boron [84-86]. This
new composition showed promising magnetic properties such as high permeability and

saturation magnetization along with low coercivity and as a result attracted a lot of
attention in research and industry [87-88]. In the past researchers have studied the effect

of addition of copper and niobium to the traditional FeSiB magnetic alloys. Duhaj et al.

[34] studied the formation of copper crystalline phases in amorphous ribbons with similar
compositions to Fe76.5Si13.5B9Cu1 and Fe73.5Si13.5B9Cu1Nb3. They realized that the
crystallization of copper-based phases takes place very quickly in the beginning and
decreases significantly after the initial stages. They also concluded that different contents

of niobium can affect the crystallization behavior of the alloy with more niobium content
decreasing the sizes of FeSiCu clusters. Jha et al. [35], studied the growth of copper
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clusters in finemet alloys. From their experiments they realized that increased

temperature increases the speed by which copper clusters are formed. Marin et al. [27],

studied amorphous wires made of FeSiB(Cu and Nb) alloys obtained from rotating water
quenching technique and effect of copper and niobium on their crystallization. They

stated that when Cu and Nb are added to the base composition individually they

significantly change the thermal stability and crystallization dynamic of the amorphous

matrix. They concluded that copper has a destabilizing effect on the FeSiB alloy and

forms its first clusters at a low temperature. These initial clusters include αFe(Si) crystals

which consequently results in magnetic hardening due to increasing size of the Fe(Si)
grains. Addition of niobium on the other hand enhances the thermal stability of the FeSiB

alloy however, it does not have the same nucleation effect that copper has with niobium
having much less density of nuclei. Addition of Nb also has the effect of decreasing the
coarsening of the grains which in turn decrease the magnetic hardening. Jiang et al. [36]

studied soft magnetic finemet type alloys and tried to replace the element niobium with
molybdenum in the composition. From the results of their experiments Jian et al. [36]

realized that the thermal stability of the composition is reduced by substitution of
niobium with molybdenum. They concluded that addition of molybdenum results in

formation of nonmagnetic phases at early stages which deteriorates the soft magnetic
properties of the alloy. Borrego et al. [89] studied the nano crystallization behavior of

FeSiBCu alloys with addition of refractory elements such as Nb, Mo, Zr and V. They
observed an enhancement in crystallization of Fe3S1 crystalline with the help of annealing

process. They observed higher volume fractions of the phase with higher annealing
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temperatures and longer times. They also observed a stabilizing effect on the amorphous

matrix by addition of the refractory elements to the mix.
In this chapter we have focused on mechanically alloyed amorphous FeSiB-based

magnetic alloys and the effect of addition of Cu and Nb separately and simultaneously on

mechanical, microstructural and magnetic properties of the sintered and milled powder
FeSiB-based alloys.

3.3 Experimental procedure
For this chapter FeSiB, FeSiBCu, FeSiBNb and FeSiBCuNb(fmemet) magnetic

alloys prepared from mechanical alloying of Fe, Si, B, Cu and Nb elemental powders were

studied. Chemical compositions of the alloys used for the experiments done in this chapter
are mentioned in Table 2.1 based on atomic weight percent. Mechanical alloying was done

on Fritsch Pulverisette 7 high energy planetary ball mill under argon atmosphere using
tungsten carbide milling balls and bowls. FeSiBCuNb alloy was milled using milling balls

with 3mm diameters with ball to powder weight ratios of 10:1. The FeSiBCuNb alloy was
milled for milling durations of 30, 60, 90 and 120 hours with rotation speed of 350 rpm.

FeSiB, FeSiBCu and FeSiBNb compositions were mechanically alloyed with BPR 15:1,

rotation speed of 350 rpm and milling duration of 90 hours using milling balls with 3mm
diameters. 2 wt% Stearic acid was used as PCA for all the milling processes and 10-minute
pauses were placed between 10-minute milling periods. Spark Plasma sintering was done

under controlled argon atmosphere using 10mm tungsten carbide dies and punches that
were covered by graphite foil (for better electrical conduction) and heating rate of
30°C∕min. The packing pressure was at 20 MPa and the maximum pressure during the

sintering process was at 600 MPa. The sintering temperature was 550°C and the holding
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time was 5 minutes. One sample was sintered from each of the powder alloys prepared by
mechanical alloying. FeSiBCuNb powder alloys milled for 30, 60, 90 and 120 hours were
sintered using the said SPS parameters giving us a total of 5 finemet sitered samples. FeSiB,

FeSiBCu and FeSiBNb powder alloys milled for 90 h with BPR 15:1 were spark plasma
sintered using the same SPS processing parameters giving us another 3 sintered samples.

The sintered samples were then mounted and polished using grinding papers 250-1200 grit

followed by 30-45 minutes of polishing using colloidal silica on a micro cloth. Scanning
electron microscopy was done on all the sintered and polished samples using a FEI-Quanta
Nova-SEM. Both secondary and backscattered images were taken at magnifications

ranging from 100x to 5000x. X-ray diffraction was done on powder as well as sintered
alloys of all compositions and milling parameters in order to study their phase composition

as well as their amorphous structures using an X-ray diffraction (XRD) machine using a
Rigaku Ultima III X-Ray diffractometer (Cu Kα radiation, 1.54 A) and 2θ range of 30o to

90°. Based on the XRD data the crystallite sizes of the samples were measured using the
Scherrer Equation [80]. Microhardness of the sintered samples was measured using a

standard Wilson Vickers microhardness tester. The measurements were taken under a load

of 5N and dwell time of 10 seconds. For each sample microhardness readings of 10

different were taken into account and the average value was reported. Magnetic properties
of the samples were measured using a magnetometer (VSMLakeshore 7404) with

maximum magnetic field of IT.
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3.4 Results and discussion
3.4.1 X-ray diffraction of FeSiB alloys
Figure 3.1 depicts the XRD patterns of FeSiB magnetic alloy mechanically

alloyed for durations of 30, 60 and 90 hours. From the XRD pattern we can see (111),

(200), and (220) diffraction peaks of α-Fe(Si) phase which is an indication that all the
samples exhibit α-Fe3S1 as the primary phase without presence of any secondary boron

phases such as Fe3B, Fe2B and Fe23B6. A significant broadening of the Fe3S1 peaks can be
observed as the milling duration increases from 30 hours to 90 hours. This broadening

can be the result of decrease in the size of the grains (listed in table 3.1) as well as some
level of amorphization taking place as the milling progresses. Another reason that can

contribute to the peak broadening is the internal stress consequence of long milling
durations. Therefore, it can be concluded that mechanical alloying processing parameters
specially milling duration have significant effect on tailoring the size of the crystallites as

well as the alloying process itself and the amorphization of the final alloy powder.

30

2 theta(deg)
Figure 3.1 XRD pattern for FeSiB powder; 30h (black),60h (red) and 9Oh (blue)
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Table 3.1 Grain sizes for FeSiBCu and FeSiBNb and FeSiB powder; 3 Oh, 60h, 9Oh

Composition (Powder) Grain size (nm)
FeSiB (30h)

9.26

FeSiB (60h)

6.14

FeSiB (90h)

4.73

FeSiBCu

6.86

FeSiBNb

4.75

Fig. 3.2 depicts the XRD patterns from spark plasma sintered FeSiB samples
sintered from the powders milled for 30, 60 and 90 hours, similar to the milled powders
the XRD patterns for the sintered samples also shows a large volume fraction of α-Fe(Si)

phase. The primary Fe3S1 phase was detected in all the samples and minor peaks

corresponding to secondary boron phases of Fe2B and Fe23B6 were also detected in all 3
samples. When the alloy is heated above the crystallization temperature of these

secondary phases during the SPS process, formation of these phase occurs from the
amorphous phase. Among the secondary boron phases, Fe23B6 phase is a metastable

phase. This means that the Fe23B6 phase can easily be broken down to the other boron

phases such as Fe2B and Fe3B. In their research on the crystallization behavior of
amorphous iron-based magnetic alloys Zhang et al. [90] stated that formation of boron

phase Fe3B is a result of secondary crystallization and occurs at temperatures above 550

oC and is followed by formation of the other secondary boron phase Fe2B. Presence of
small amounts of the Fe23B6 phase is expected after sintering the sample at 550 oC since
this phase has a fairly low crystallization temperature of only 405 oC [91] which can

explain why this phase is detected in all 3 sintered samples. Furthermore, crystallization
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temperature of the other main boron phase Fe2B is reported to be around 550 oC [59].

According to Passamini et al. [59] the α-Fe2B phase forms at temperatures between 496

oC and 642 oC and γ-Fe2B phase in temperatures between 642 oC and 901 oC. For the

initial stages of this research work we chose 550 0C as the maximum sintering
temperature in order to achieve full densifιcations for all our FeSiB-based alloys.

2 theta(deg)
Figure 3.1 XRD patterns ofFeSiB sintered samples;3Oh (black), 60h (red), 90h (blue)

3.3.2 Microhardness and crystallite size ofFeSiB alloys
Figure 3.3 depicts the microhardness values of the spark plasma sintered FeSiB

alloys. From this figure it can be observed that the microhardness values of the alloy

increases as the crystallite sizes decreases due to the longer milling durations that reduces
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the particle size. This observation is consistent with the Hall-Petch relationship which

reports a reverse correlation between crystallite size and microhardness. The
microhardness values of the sintered FeSiB alloy varies from 1000 HV in case of sample
sintered from the 30h-milled powder to 1161 HV in case of sample sintered from the

90h-milled powder. From the x-ray diffraction patterns of the sintered FeSiB alloy we
can see that the major phase present in the sample is α-Fe3S1 peaking at 2θ=45, 65 and 85
degrees. The broadening of these peaks as the milling duration increases is another

indicator of decrease in the crystallite sizes of these alloys. This decrease in the crystallite
size of the α-Fe3S1 phase plays a major role in increasing the microhardness of the FeSiB

sintered alloys. Moreover, the increased number of defects that occur during the
mechanical alloying process specially with longer milling durations has a hardening
effect on the powder that is being milled. As a result, powders milled for longer periods

of time experience more defects and therefore an increase in the microhardness value.
The grain sizes of FeSiBCu and FeSiBNb powder alloys both with rotation speed of 350
rpm and milling duration of 90 hours and FeSiB powder alloys with rotation speed of 350
rpm and milling durations of 30, 60 and 90 hours are listed in table 3.1 and the crystallite

sizes of spark plasma sintered FeSiB samples sintered from powder alloys milled with 30,
60 and 90 hours are depicted in figure 3.3. The grain sizes of the mechanically alloyed

FeSiB powders as well as the crystallite sizes of the sintered FeSiB alloys decrease with

longer milling duration. The FeSiB sample milled for the longest time (90 hours)

exhibited the smaller grain size of 4.7 nm. The 30 h and 60 h milled samples showed
grain sizes of 9.2 nm and 6.1 nm respectively. The spark plasma sintered samples show
slight increase in the particle size as compared to as milled powders which is mainly due
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to being subjected to high temperatures during the SPS process which consequently

results in small coarsening in particles. The crystallite sizes of samples sintered from

powders with different milling durations follow the same trend where the FeSiB sample
sintered form the 90 h-milled powder exhibits the smallest crystallite size of 12.5 nm,

followed by the sample sintered from the 60h-milled powder which exhibited crystallite
size of 13.03 nm followed by the sample sintered from the 30 h-milled powder which

shows the coarsest microstructure and biggest crystallite size of 14.92 nm.

Milling time(h)

Figure 3.2 Microhardness values and crystallite size for FeSiB 30,60 and 90 h sintered
samples

3.3.3 Scanning Electron Microscopy of FeSiB alloys
Figure 3.4 depicts the SEM images of the spark plasma sintered FeSiB alloys

processed form powders milled for 30, 60 and 90 hours. For samples sintered form

powders with longer milling times a more uniform and more refined microstructure
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(smaller grain sizes) and higher levels of alloying is observed as compared to samples
with shorter milling durations. The fact that only a small increase in the particle size

occurs during the sintering process shows that spark plasma sintering is a promising

process for consolidating magnetic alloys from mechanically alloyed powders without

severe grain growth.
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Figure 3.3 SEM images ofFeSiB sintered samples; a) 3Oh, b) 60h and c) 9Oh
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3.3.4 Magnetic properties of FeSiB alloys
Figure 3.5 and table 3.2 show the result of vibrating magnetometer test done on
sintered FeSiB magnetic alloys. From the sample sintered from 30h-milled powder to the

sample sintered from 90h-milled powder a slight increase in saturation magnetization and
decrease in the coercivity value was observed. The increase in the saturation
magnetization in case of the sample sintered from the 90h-milled powder can be

attributed to the amorphization of the powder and decrease in the crystallite size which
results in higher density values. An important observation from the magnetic tests is the
difference between the shapes of the M-H curves for the 30-, 60- and 90-hour samples. In

case of FeSiB alloy sintered from the 90h-milled powder the dM/dH which has a direct

correlation with the magnetic permeability is higher than the FeSiB-30 hours and FeSiB60 hours samples. As per the Herzer model, the coercivity value of magnetic alloys is

strongly influenced by the size of their grains. This model states that when the average
size of the grains drops below 40 nm the coercivity value decreases as well due to
ferromagnetic exchange interactions [92]. Another important factor in determining the

coercivity value is magneto-crystalline anisotropy. Reduction in grain size which results
in reduction in magneto-crystalline anisotropy results in lower coercivity values.
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M (emu∕g)
Figure 3.4 Magnetization and coercivity values for FeSiB 30,60 and 90h

Table 3.1 Magnetization and coercivity values for FeSiB 30,60 and 9Oh

Sample

Ms (emu∕g)

He (Oe)

FeSiB-30h

145.2

117

FeSiB-60h

145.8

113

FeSiB-90h

146.1

113.4
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3.3.5 X-ray diffraction of FeSiB, FeSiBCu and FeSiBNb alloys
Figure 3.6 depicts the XRD pattern of FeSiBNb, FeSiBCu and FeSiBCuNb alloy

powders milled with rotation speed of 350 rpm and milling duration of 90 hours. Based

on the XRD patterns the main phase observed in all 3 powder alloys is the α-Fe3S1 phase
with no dominant secondary phases present. From Fig. 3.6 XRD patters it can be
observed that the FeSiBCuNb sample exhibits a significant broadening of the Fe3Si

diffraction peak at 2θ of 45o as compared to the similar peak in FeSiBCu and FeSiBNb
samples. This increase in full width at half maximum (FWHM) and more broadening of

the peak in case of the FeSiBCuNb sample can be attributed to the smaller size of its

crystallite compared to the other 2 samples.

2theta(deg.)
Figure 3.5 XRD pattern for Fin emet, FeSiBNb and FeSiBCu alloy powder
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Figure 3.7 depicts the XRD patterns of spark plasma sintered FeSiBNb, FeSiBCu

and FeSiBCuNb samples sintered with the same SPS parameters. Presence of a large

volume fraction of α-Fe3Si phase can be clearly observed in all the sintered alloys. In

addition to the main α-Fe3Si phase minor secondary peaks from formation of Fe2B and
Fe23B6 boron phases were also spotted in the FeSiBCu and FeSiBNb samples. Secondary

crystallization of Fe3B phase usually happens at temperatures above 550°C and is

followed by formation of the Fe2B phase [93 ]. Addition of niobium to the composition
along with copper results in formation of Fe23B6 phase in later stages of solidification.

Ping et al. [94] discovered that addition of niobium changes the crystallization process
and aids the formation of secondary Fe23B6 and Fe3B phases along with the α-Fe3S1

phase. Formation of Fe23B6 phase precipitates occurs at the interface between the α-Fe3Si
phase crystalline and the Fe amorphous matrix.
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2theta(deg.)
Figure 3.6 XRD pattern for Finemet, FeSiBNb and FeSiBCu sintered samples

3.3.6. Crystallite size and microhardness of FeSiNCu and FeSiBNb and Finemet

alloys
The correlation between the crystallite size (calculated by the Scherrer Equation
from the XRD results) and the microhardness values (obtained from a standard Vickers

microhardness tester) of spark plasma sintered FeSiBCu, FeSiBNb and finemet alloys is
depicted in figure 3.8. From fig. 3.8, it can be observed that the crystallite size and the

microhardness values are inversely correlated. The mechanically alloyed FeSiBCu
sample has the crystallite size of 6.8 nm and the sintered FeSiBCu has crystallite size of

~13 nm. The crystallite size of the mechanically alloyed FeSiBNb sample is 4.7 nm and
the crystallite size of the sintered FeSiBNb sample is ~7.7 nm. In the case of both
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FeSiBCu and FeSiBNb samples a slight increase in size of crystallites is observed after
the sintering process at maximum temperature of 550 °C. Presence of niobium helped in

preventing aggressive growth of crystallites and as a result the FeSiBNb alloy has smaller

crystallites in comparison to the FeSiBCu alloy. However, in case of finemet alloy where
both copper and niobium are present in the composition the crystallite size is higher than

FeSiBCu and FeSiBNb samples which is why this alloy shows lower microhardness

values as compared to the other two alloys. Moreover, even though copper helps in
increasing the precipitation of Fe3Si crystallites it has a negative effect on the grain

growth in the sintering process. Copper decreases the crystallization temperature [95] and

as a result the crystallization process takes place at lower temperatures during the
sintering process. Magnetic alloys that contain copper will have sufficient time for grain
growth during the sintering process and will therefore have larger grain sizes (as

observed in the FeSiBCu sample). Furthermore, Martin et al [27] stated that simultaneous

addition of both copper and niobium to the FeSiB-base alloy results in reduction of the

stabilizing affect that niobium has on the amorphous FeSiB phase.
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Crystallite size(nm)
FeSiBNb

FeSiBCu

Finemet

Figure 3.7 Microhardness values for Finemet, FeSiBCu and FeSiBNb sintered samples

3.3.7 Scanning electron microscopy of FeSiBN, FeSiBCu and Finemet alloys
Fig. 3.9 depicts the SEM images of FeSiBCu alloy sintered from 90 hours-milled

powder, FeSiBNb alloy sintered also from 90 hours-milled powder and FeSiBCuNb alloy
sintered from 120 hours-milled powder in 2 different magnifications. It can be observed

that the sintered FeSiBNb alloy exhibits a more refined micro structure in comparison to
both FeSiBCu and FeSiBCuNb samples. Size of the particles has a significant effect on
the sintering behavior of the alloy. During the sintering process the smaller particles are

capable of providing larger surface area per unit volume which results in better sintering
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and a more homogeneous micro structure and higher levels of densifιcation as a result.

This can be seen in case of niobium containing alloys.
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Figure 3.8 SEM images of a and b) FeSiBCu, c and d) FeSiBNb and e andf) Finemet
sintered samples
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3.3.9 Magnetic properties of FeSiBCu, FeSiBNb and Finemet alloys
The results from magnetic tests for sintered FeSiBCu, FeSiBNb and FeSiBCuNb
alloys using vibrating magnetometer is depicted in figure 3.10 and table 3.3. The

coercivity values of these magnetic alloys are reasonable while the saturation
magnetization is high for all compositions. The finemet alloy shows the highest value for

saturation magnetization as compared to both FeSiBCu and FeSiBNb alloys due to
absence of any boron phases such as Fe2B and Fe23B6 in the sample. Presence of these

boron phases significantly affects the saturation magnetization therefore, due to presence

of small volume fractions of Fe2B and Fe23B6 phases, FeSiBCu and FeSiBNb samples
exhibit lower saturation magnetization values. The reason for this deterioration in the

magnetic properties of the alloys when boron phases are present in sample is due to the

fact that these phases act as pinning sites for magnetic domains which consequently
decreases the saturation magnetization values. The finemet alloy shows a higher

coercivity value as compared to FeSiBNb and FeSiBCu samples. The reason for the
higher coercivity value in case of the finemet alloy is the development of high internal

strain during the mechanical alloying of this alloy, which was milled for longer milling
duration of 120 hours, as compared to FeSiBCu and FeSiBNb which were both milled for
90 hours.
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Figure 3.9 Magnetization and coercivity values for FeSiBCu, FeSiBNb and Finemet

Table 3.2 Magnetization and coercivity values for FeSiBCu, FeSiBNb and Finemet

Sample

Ms (emu∕g)

He (Oe)

FeSiBCu

159.6

87

FeSiBNb

150.8

62.4

Finemet

166.8

109.2

Drbohlav [33] who studied the microstructure of nanocrystalline soft magnetic

alloys stated that while simultaneous addition of copper and niobium is not necessary for
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crystallization it will result in more effective dispersion of Fe3Si nanocrystalline within
the amorphous iron matrix which consequently improves the magnetic properties of the

FeSiBCuNb alloys. Overall, addition of copper, niobium or a combination of the two
(NbCu) to the base FeSiB alloy enhances the saturation magnetization and decreases the

coercivity value in comparison to FeSiB alloys that were mechanically alloyed using the
same processing parameters. From the results of our magnetic tests, we observed that the

copper containing alloy (FeSiBCu) shows higher coercivity value of 87 Oe in comparison
to the niobium containing alloy (FeSiBNb) which showed the coercivity value of 63.4

Oe. Marin et al. [27] stated that the copper enriched clusters in the copper containing

alloy act as pining centers for domain wall displacement which results in an increase in
the coercivity value. They did not observe such clusters in niobium containing samples

which can be the reason for lower coercivity value in case of the FeSiBNb alloys [27].
Moreover, adding copper to the FeSiB-base alloy destabilizes the glassy/amorphous

phase of FeSiB and results in higher coercivity values in comparison to niobium

containing FeSiB alloys. Furthermore, individual addition of copper and niobium to the
FeSiB alloy would decrease the coercivity compared to the base FeSiB alloy. Alam et al.

[22] who studied the laser devitrification of amorphous FeSiB alloys and the role of
addition of copper and niobium to them observed a higher saturation magnetization as
well as higher coercivity values for copper containing alloy as compared to the niobium

containing alloy. Yoshizawa et al. [49] who studied the micro structure of iron-based soft
magnetic alloys observed that adding Cu and Nb to the amorphous FeSiB alloy causes a

distinctive alloy-phases which is responsible for enhanced magnetic properties of the
alloy.
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As a part of this research work, we studied the mechanical alloying and spark
plasma sintering processing parameters and optimized them for best mechanical and

magnetic properties for our magnetic alloys. The magnetic alloys processed using the
mechanical alloying and spark plasma sintering processing parameters resulted from this
research work show magnetic properties on par or even better than FeSiB-based alloys

processed using conventional methods. Our results were even superior to results observed
from mechanical alloying of iron-based magnetic alloys in other research works. In their
study on mechanical alloying of finemet-type magnetic alloys Alleg et al. [96] found

saturation magnetization of the alloy to be 14.3 emu/g and coercivity to be 62 Oe for
nanocrystalline fιnemet alloy milled for 150 hours. In the same study Alleg at al. [96]

also investigated nanocrystalline FeSiB powder alloy that was milled under the exact
condition as the fιnemet alloy and the highest saturation magnetization that they achieved

was a little over 8 emu/g which is much lower than the results we observed from our
experiments. Gheiratmand et al. [68] who tried to obtain amorphous fιnemet powder by
mechanically alloying amorphous fιnemet ribbons and then consolidating the resultant
powder alloy using the SPS process observed saturation magnetization of 124 emu/g as

their highest value which is still lower than saturation magnetization values we obtained
from mechanical alloying and spark plasma sintering of finemet alloy from elemental

powders. Kang et al. [97] who studied the vacuum hot pressing of FeSiBNb composition

found the saturation magnetization of their composition to be 127 emu/g. Neamt et al.

[98] studied the mechanical alloyed FeSiB alloys and reported the saturation
magnetization for the wet mechanically alloyed FeSiB alloy to be at about 131 emu/g and

about 141 emu/g after the annealing process. In the present study mechanically alloyed
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FeSiB sample with rotation speed of 700 rpm, BPR 5:1, milling duration 10h and ball
size 5mm, which was processed by spark plasma sintering at temperature of 470oC with

pressure of 600MPa and holding time of 5 minutes show saturation magnetization as high

as 182.8 emu∕g.

3.5 Conclusions
FeSiB-based alloys were processed using the mechanical alloying technique and

consolidated via spark plasma sintering process. FeSiB alloys were mechanically alloyed

for durations of 30, 60 and 90 hours in order to study the role of milling duration on
mechanical and magnetic properties as well as microstructure of these alloys. The effect

of addition of two new elements to the base FeSiB alloy was studied. Copper and

niobium were added to FeSiB alloys separately and simultaneously making the following
compositions: FeSiBCu, FeSuBNb and FeSiBCuNb in order to study the effects of each
element on mechanical, microstructural and magnetic properties of FeSiB-based

magnetic alloys. Results from the experiments are as follows:
•

The main phase present in all the FeSiB-based powders after the mechanical

alloying process was α-Fe3Si. After the spark plasma sintering process other
secondary boron phases were detected in the samples including Fe2B and Fe23B6
due to the sintering temperature being higher than the crystallization temperature

of these minor phases.
•

The crystallite size of powders milled for longer times decreased in case of all the
FeSiB samples

•

FeSiB samples sintered from powders milled for longer time showed higher
microhardness values due to decrease in the crystallite size (mainly α-Fe3S1).
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X-ray diffraction patterns of FeSiB powder alloys show the beginning of
amorphization process after milling duration of 90 hours.

FeSiB-based alloys containing copper (FeSiBCu) showed higher saturation
magnetization as well as higher coercivity values in comparison to FeSiB-based

sample containing niobium (FeSiBNb). However, the sample containing niobium

showed higher microhardness values and lower coercivity as well as finer

micro structure in case of sintered FeSiBNb and smaller grain size in case of
powder FeSiBNb as compared to FeSiBCu samples.

Due to presence of high volume fractions of α-Fe(Si) crystallites, finemet alloy

sintered from the powder that was mechanically alloyed for 120 hours showed the

highest saturation magnetization

Saturation magnetization of FeSiB samples increases with longer milling
durations with FeSiB-90h sample showing the highest value; and coercivity value

decreases with longer milling durations. Overall FeSiB alloys milled for longer

times show better magnetic properties.
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2CHAPTERIV
SPARK PLASMA SINTERING OF FeSiBCuNb/FINEMET BASED ALLOYS

4.1 Abstract
Mechanical alloying or powder metallurgy has been around for the past 3

decades, and it is a unique technique for processing powders which allows for
homogeneous blending of elemental powders. Mechanical alloying process, also

sometimes referred to as milling process, has several processing parameters which can
influence the outcome of the alloying process. Processing parameters such as milling
duration, size of the milling balls, the process control agent (to prevent the cold welding),
the weight ratio of powder vs. the milling balls, the rotation speed and even the volume of
the milling vials which is filled with the milling media (powder and milling balls) can
affect the state of the final alloy. In this chapter we have introduced the mechanical

alloying process and its influential processing parameters and how each of these
parameters can affect the mechanical, microstructural and magnetic properties of the

Finemet-based alloys. From our results increasing the milling duration to 120 hours
resulted in full amorphization of the FeSiBCuNb powder alloy. Effect of BPR on
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crystallite size of the fmemet alloy was studied and higher BPR of 15:1 showed smaller
crystallite size as compared to BPR 10:1. Microhardness and magnetic properties of the
sintered fine
met alloy improved with longer milling duration.

4.2 Introduction
Mechanical alloying is a solid-state powder processing technique in which the
powder particles are repeatedly fractured and rewelded in a high energy ball mill [99-

102]. This process was stablished over 30 years ago as a way for reducing the size of
powder particles as well as to produce alloys with homogeneous structures from

elemental blend powders. The mechanical alloying process has received significant
attention in the past few years due to its ability to synthesize both nanocrystalline and
amorphous material [ 103-105]. Mechanical alloying offers a non-equilibrium processing

route for alloying material at relatively lower cost compared to some other fabrication

techniques and is capable of processing material in large quantities [55] [ 106]. Currently,
most amorphous magnetic alloys are prepared by a process called melt spinning in which
melted material is cooled down with very high cooling rates, in range of 106-108 oC∕S, in

order to prevent the micro structure from crystalizing [107-109]. The main disadvantage

of the melt spinning process is that it only allows for the fabrication of very thin ribbons
and wires of magnetic materials. In order to guarantee a fast cooling and prevention of

crystallization (to keep the micro structure amorphous) the thickness of the ribbons

fabricated by melt spinning is limited to 50 μm [5]. Therefore, in order to obtain bigger
and more complex shapes a huge number of these ribbons need to be stacked on top of

each other. Moreover, these ribbons are very thin and are quite brittle and therefore are
not suitable for fabrication of certain magnetic components specially with more complex
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shapes [110-111]. Additionally, the shapes of the magnetic components that are

fabricated via this technique are limited to the shapes and sizes that can be carved or
machined out of the stack of ribbons. This is where obtaining an amorphous powder alloy
by mechanical alloying and consolidating it via a new technique, with the ability to
fabricate samples in bulk format, becomes even more important. One great advantage that

the mechanical alloying process has in regard to the amorphization process is its

capability of amorphization of elemental powders by diffusion along primary component
interfaces at relatively lower temperatures [112]. The mechanical alloying process also

has the ability to permit different metals with varying melting temperatures form alloys

which is a major advantage compared to conventional alloying processes that are based
on melting and mixing of elements. Mechanical alloying process is also capable of
producing amorphous material from material in variety of shapes and sizes. Opposite to
magnetic components fabricated via melt spinning, mechanically alloyed powders milled
from elemental powders can be compacted and consolidated using the spark plasma

sintering method. The mechanical alloying followed by the spark plasma sintering

process not only increases the efficiency of the magnetic components but also
miniaturizes them for applications in electric and electronic equipment. The
miniaturization is possible due to elimination of stacking of a large number of ribbons on

top of each other and instead producing the alloy in bulk format. The magnetic products

fabricated from the mechanical alloying and spark plasma sintering techniques can be
specifically used in hybrid and electric cars due to smaller sizes. This is an extremely
important application due to the recent increase in air pollution and need for cleaner

energies. The two main routes to obtain amorphous powder via the mechanical alloying

55

process is milling of elemental powders that make up the powder composition of the

alloy and milling of amorphous ribbons [113]. Most of the research done on FeSiB-based
alloys have focused on obtaining the amorphous powder by mechanically alloying
amorphous ribbons. However, in our research we have focused on obtaining the
amorphous powder via milling of its elemental powders. During the mechanical alloying

process, the amorphization is only achieved if obtaining the amorphous phase is

kinetically faster than the crystalline phases [114]. Lattice defects such as interstitials,
dislocations, and vacancies that occur during the mechanical alloying process can

influence the thermodynamics and kinetics of the process (large negative heat of mixing)
and raise the free energy of the crystalline phase as compared to the amorphous phase

which will ultimately result in amorphization taking place [115-117]. Moreover, the
energy that is released during the mechanical alloying process, due to crashes between
the milling media, governs the formation of the amorphous phase [118]. One of the most

important parameters that can affect the amorphization process is the milling duration.
Previous studies on this subject have shown that in cases where other than the milling

duration the rest of the milling parameters were kept constant; increasing the milling
duration results in more amorphization. Raja et al. [74] who studied the microstructure of
mechanically alloyed fιnemet alloys, observed starting of amorphization at stages as early

as 6 hours of milling. However, based on their observations the full amorphization did
not take place until a much longer milling time. During the mechanical alloying process
the initial elemental powders first reach a nanocrystalline state; after this point increasing
the milling duration results in appearance of the amorphous phase and the longer milling

time (to a certain extent) will eventually result in full amorphization [74][119]. Schwartz
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et al. [60], explained that during the amorphization reaction, mixing occurs in a way that
the amorphous phase has lower free energy and is therefore more stable compared to the

crystalline components. This difference in the free energies of the crystalline and
amorphous phase is the reason why amorphization takes place during the mechanical

alloying process [120]. According to Hellstem et al. [121], who studied the
amorphization of alloys during the mechanical alloying process, the plastic deformation

which occurs during the mechanical alloying process will consequently increase the free
energy of the defected crystalline phases. This means that formation of the amorphous
phase during high energy ball milling is favored due to the lower free energy.

Furthermore, in their studies on amorphization of different alloys during the mechanical

alloying process, Koch [18] also concluded that formation of defects during the
mechanical alloying process is the reason why free energy of the crystallite phase

increases during milling, which as a result makes this phase unstable in comparison to the
amorphous phase.

One of the applications of the mechanical alloying process is reducing the size of

the particles alongside the amorphization process. The elemental powders during the

initial stages of the mechanical alloying are subjected to cold welding which results in an

increase in their particle sizes [122]. At these early stages the particles go through plastic
deformation and surface flattening that will consequently increase the grain boundaries

which results in a higher tendency for particles to fuse together and form bigger particles
[123]. At the next stages of mechanical alloying the particles that were fused together in
the previous stage get fractured over and over again due to continues collision with the

milling balls and therefore the overall diameter of the particles tends to decease at this
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stage. The decrease and then increase in the particle size phenomenon during the
mechanical alloying process was observed by Neamtu et al. [124] who witnessed the

increase of the particle sizes in the first 5 hours of their MA process as a result of cold
welding between the particles and at later stages a decrease in the diameter of the
particles due to the repeated fractures associated with the ball milling process.
Interestingly, at a certain point in the mechanical alloying process, the tendency of
powder particles for fragmentation becomes equal to the cold-welding tendency. At this

point the size of the particles usually do not change very drastically, or changes at a very
low speed or even not at all. Our goal for this research work was to study the effect of

each of the milling processing parameters including ball to powder ratio, milling

duration, the process control agent, rotation speed and even the level by which the milling

bowl is filled with the milling media on the microstructure, particle size, mechanical
properties and magnetic properties of the resultant magnetic alloy.

4.3 Experimental procedure
Fe73.5Si13.5B9Cu1Nb3 magnetic alloy was prepared from Fe, Si, B, Nb, Cu
elemental powders using the mechanical alloying process. High energy planetary ball
mill Fritsch Pulverisette 7 was used for the milling process. Milling balls and bowls were
made of tungsten carbide and the process was done under argan atmosphere with lids on

the milling bowls securely sealed in order to prevent oxidation. In order to prevent cold

welding 2 wt% stearic acid/ benzene were added to the elemental powder mix as a

process control agent (PCA). Ball to powder weight ratios (BPR) used in the mechanical

alloying process were 10:1 and 15:1 in order to study the role of BPR on crystallite size
and mechanical properties of the finemet alloys. The milling durations used for the
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experiments in this chapter were: 30, 60, 90 and 120 hours and the rotation speed in all

the experiments was 350 rpm. The milling process was done using milling balls with

diameter of 3mm and 10 grams of powder was milled in all cases. In order to prevent the

milling media from overheating during the mechanical alloying process and the powder
getting cold welded, we put 10 minutes pauses in between the 10 minutes milling periods.

An experiment was done on the Fe73.5Si13.5B9Cu1Nb3 composition using the same
mechanical alloying parameters as mentioned for fιnemet before, using benzene as the

process control agent in order to find out which PCA (benzene or stearic acid) is more
effective for amorphization of finemet-type alloys. Spark plasma sintering was done

under argon atmosphere using packing pressure of 20 MPa, sintering temperature of
550oC, maximum pressure of 600 MPa and heating rate of 30°C∕min and pressure
ramping speed of 100 MPa/min. 10 mm dies, and punches were made of tungsten carbide

and were covered by graphite foil to prevent contact between the powder and dies and

punches as well as to increase the conductivity. The powder was held at the maximum
temperature and pressure for five minutes. One sample was sintered from each of the
powder alloys prepared by mechanical alloying giving us 4 samples milled with BPR

10:1 (30, 60, 90 and 120 h) and one sample with BPR 15:1 with milling duration of 120

hours. The sintered samples were then mounted and polished using grinding papers 2501200 grit followed by 30-45 minutes of polishing using colloidal silica on a micro cloth

followed by 12 hours of vibromet polishing. Scanning electron microscopy was done on
all the sintered and polished samples using a FEI-Quanta Nova-SEM with magnifications

ranging from 100x to 5000x. phase and microstructural analysis on the samples were

done by X-ray diffraction. X-ray diffraction was done using a X-ray diffraction (XRD)
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machine using a Rigaku Ultima III X-Ray diffractometer (Cu Kα radiation, 1.54 A) and

2θ range of 30o to 90o for all of the powder alloys milled with BPR 10:1 and samples
sintered from powders milled with BPR 10:1. The crystallite sizes of the samples were

measured using the XRD results with the help of the Scherrer Equation [80].

Microhardness of the sintered samples was measured using a standard Wilson Vickers
microhardness tester. The measurements were taken under a load of 5N and dwell time

of 10 seconds. For each sample microhardness readings of 10 different spots were taken
into account and the average value was reported. Magnetic properties of the samples were

measured using a magnetometer (VSMLakeshore 7404) with maximum magnetic field of
IT.

4.4 Results and discussion
4.4.1 X-ray diffraction of finemet alloys
Figure 4.1 depicts the XRD patterns of mechanically alloyed finemet powders

with milling durations of 30, 60, 90 and 120 hours and the samples sintered from the
respective powders. From the XRD patterns it can be observed that the α-Fe3S1 phase is
the primary phase found in both powder and sintered samples. In case of the milled

finemet powders it can be observed that the Fe3S1 peak located at 2θ = 45o has been
broadened with increasing milling duration from 30 hours to 120 hours. The increase in
full width at half maximum (FWHM) and broadening of the peak is a due to the decrease

in the size of the crystallites (Figure 4.4 depicts the crystallite size measurements) as the

milling duration increases. It appears that the increase in milling duration from 30 to 120
hours is still in the stage of crystallite size reduction in the mechanical alloying process.
Increase in the milling time any further than 120 hours could have resulted in complete
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stop in size reduction or even an increase in the size of the crystallites. The XRD pattern
(figure 4.1-a) of the 120 hours milled fιnemet alloy shows no sharp peaks which can be

associated with the amorphization process. The α-Fe3Si phase peaks at 2θ = 85°, 2θ = 65°
and 2θ = 45° almost disappear after 120 hours of mechanical alloying. This observation
indicates that a high level of amorphization has taken place in case of samples with

longer milling durations. Different studies done on magnetic alloys with iron and silicon
in their composition have shown the formation of α-Fe3Si phase happens at different
stages of mechanical alloying. Raja et al. [74] studied the microstructure of soft magnetic

finemet alloys and observed formation of α-Fe3Si phase at very early stages of milling (as

early as 6 hours of milling) and stated that further milling only reduces the grain sizes.
However, Yang et al. [69] who also studied the mechanical alloying of finemet alloys
only observed formation of α-Fe3Si crystallites (with grain size of 10 nm) after 80 hours

of milling and did not find any trace of the phase at earlier stages of mechanical alloying.
In our study of mechanically alloyed finemet powder we observed peaks of α-Fe(Si) at

milling durations as early as 30 hours (Figure l-a). As mentioned before, finemet alloy is
consist of iron, silicon, boron, copper and niobium. Iron which has the highest weight

percentage acts as the matrix and other elements diffuse into the Fe-matrix completely or

partially at different stages of mechanical alloying. Out of the above-mentioned elements
boron diffuses into the Fe matrix first. The x-ray diffraction patterns of both powder and
sintered alloys show traces of the boron rich phases. Peaks at 2θ value of 36.92° present

in the 60 and 90 hour milled samples indicates the existence of boron phase Fe°B.
According to Neamtu et al. [124] as the milling progresses, after the boron atoms, silicon,

which has a bigger atomic radius as compared to boron starts to dissolve into the Fe
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matrix. Traces of silicon phases are observed in all of the samples.

Figure 4.1 XRD patterns of a) Finemet powder b) sintered alloy for 30,60,90 and 120h
milled powders
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4.4.2 magnetic properties of finemet alloys
Fig. 4.2 shows the magnetization versus applied magnetic field curves for
mechanically alloyed finemet alloy milled at different milling durations at room

temperature and Table 4.1 shows the saturation magnetization and coercivity values of
the finemet alloys.

Table 4.1 Saturation magnetization and coercivity values for finemet alloy milledfor 30,
60, 90 and 120 hours

Samples sintered from the 30, 60 and 90 hour milled powders show saturation
magnetization values in the same range. However, the sample sintered from the 120-hour
milled powder alloy shows a significantly higher saturation magnetization value. Based

on the x-ray diffraction patterns of the finemet alloy this increase in the saturation
magnetization value can be attributed to the larger volume fractions of α-Fe(Si) phase

that is present in this sample as compared to lower milling duration finemet samples. The
reason for this difference in the volume fractions of the Fe(Si) phase is the progress of

bonding between larger silicon atoms with the iron matrix as the milling progresses and
formation of more Fe(Si) phase with longer milling durations. Another reason for
observing a higher value for saturation magnetization in case of the 120-hour milled

finemet alloy is due to the higher level of amorphization of the powder from which the
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sample was sintered in comparison to the 30-, 60- and 90-hour samples. The grain
refinement that occurs due to longer milling durations can play an important role in
reduction of magneto crystalline anisotropy that eases the rotation of the domain walls
and consequently increases the saturation magnetization of the alloy [125].

Figure 4.2 VSM results of SPS processed Fe-Si-B-Cu-Nb alloys milledfor different
durations. 120b (a),90b (b), 60b (c), 30h (d)

Other than the phases present in the sample, microstructure is another important
factor that effects the magnetic properties of the alloy. According to Alleg et al [126] this

dependence of magnetic properties to the micro structure arises from morphology.
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4.4.3 Scanning electron microscopy of finemet alloys
Figure 4.3 shows the SEM images of SPS-processed finemet alloys sintered from

powders milled for 30, 60, 90 and 120 hours. From this figure it can be observed that the
120 hours milled sample has a homogeneous and much more refined micro structure as

compared to coarser structures of other samples which is another reason for better

saturation magnetization in case of this sample. From fig. 4.3 it can also be observed that
samples sintered from powder alloys milled for different milling durations show a

decrease in the size of the grains as well as more uniformity in the micro structure as the

milling time increases. It should be mentioned that same spark plasma sintering
parameters (550 °C, 600 MPa and 5 min holding time) were used for sintering all the

samples depicted in figure 4.3 however, different levels of alloying can be observed for
samples sintered from powders with different milling durations. In case of sample
sintered from the 30-h milled powder it can be seen that the micro structure is very coarse
and not much alloying has taken place. This observation from the SEM images of the

sintered samples can confirm that milling duration has an important effect on
microstructural refinement and uniformity as well as the level of alloying that takes place
during mechanical milling of metals and metal composites.

65

Figure 4.3 SEM images ofsintered alloys for (a) 30h, (b) 60h, (c) 90h and (d)120h of
milled samples at different magnifications
Even though bulk FeSiB-based alloys processed with mechanical alloying and
solidified by spark plasma sintering show very good saturation magnetizations, and they

have a potential in producing magnetic components in complex shapes, they show

relatively higher coercivity values. Suzuki et al. [127] who studied the nanostructures of
advanced magnetic alloys, reported that in order to keep the magnetostriction near zero
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certain amount of α-Fe3Si crystallites needs to be dispersed in the amorphous Fe matrix.

They predicted this amount to be about 75 to 80% and stated that the higher volume
fractions of α-Fe3Si crystallites can result in increased magnetostriction and therefore

increase the coercivity values. All the sintered samples in our experiments show high
volume fractions of α-Fe(Si) phase, specifically the 120 hour finemet sample, and

consequently the coercivity values are high for our samples specially for 120 h finemet

alloy. Moreover, powder particles processed by mechanical alloying tend to have more
irregularity and are usually not spherical in shape in comparison to alloy prepared by

other methods such as melt spinning [54]. More pining of the domain walls tends to
happen when particles have irregularities on the surface. The irregularity of the shape and

the higher roughness results in higher coercivity in mechanically alloyed magnetic alloys

in comparison to melt-spun ribbons and magnetic alloys processed with other similar

techniques [128]. The higher coercivity values can be reduced to some extend since
coercivity is partly due to the strain during the mechanical alloying process which can be
eliminated or minimized by annealing heat treatment

4.4.4 crystallite size and microhardness of finemet alloys
Figure 4.4 depicts the correlation between the microhardness of finemet alloys

(left axis, black squares) and their crystallite size (right axis, blue squares) sintered from
powders milled for 30, 60, 90 and 120 hours. It can be observed that the microhardness
value of sintered finemet alloys increased from around 340 HV in case of sample sintered
from the 30h milled powder to 950 HV in case of sample sintered from 120h milled

powder. The mechanical alloying processing parameters are proven to have an effect on
the particle size of the powder alloy and even the micro structure of the alloy that is being
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sintered from a mechanically alloyed powder. The crystal size of the finemet alloy went
from 20.5 nm in case of sample milled for 30 hours to 18.4 nm in case of the sample
milled for 60 hours. The crystallite size further decreased until it reached 90 hours of

milling but did not have a significant change going from 90 hours of milling to 120
hours. These changes in the crystallite sizes in the initial stages of mechanical alloying is
due to the fact that at these early stages particle sizes decrease due to multiple collisions

between milling balls and the powder which occurs constantly. However, the increased in
the grain boundaries as a result of these collisions will eventually increase the particles’

tendency to fuse together and form bigger particles. At some point these two tendencies

become almost equal where the size of the particles will not change significantly. This is
in line with our findings depicted in figure 4.4 for milled finemet alloy going from 30 h to
120 h of milling.
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Milling time(h)

Figure 4.4 Microhardness and crystal size of sintered alloys for 30,60,90 and 120h
One of the most important mechanical alloying processing parameters is ball to
powder weight ratio (BPR). BPR plays an important role in defining the microstructure

and mechanical properties of the milled alloy. In our initial studies we used ball to
powder weight ratio of 10:1 for finemet alloys and observed broadening of the main

Fe3Si XRD peaks and amorphization after 120 hours of milling. Therefore, we decided to

investigate the effect of BPR on microstructure and crystallite size of the milled alloys by
performing the experiment where other than the BPR the rest of the mechanical alloying
processing parameters were kept the same and milling was done on powder alloys with
the same composition. Two different BPRs (10:1 and 15:1) were used for mechanically

alloying of finemet using 350 rpm as the rotation speed, stearic acid as PCA, milling balls
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with diameter of 3mm and milling duration of 120 hours. Since the same amount of
powder was used in both cases (10 g) and the milling balls used in both processes had the

same diameter and were made from the same material (tungsten carbide) difference in the

ball to powder weight ratio was translated to difference in number of milling balls. From
these experiments we witnessed a reduction in the crystallite size for samples milled with

higher a BPR even though the milling duration was kept the same in both cases. Figure

4.5 depicts the crystallite size of finemet alloy sintered from 120 hours milled powder
with BPRs of 10:1 and 15:1. The main reason for this reduction of crystallite size is the

increase in the number of collisions that happen during the mechanical alloying process
due to higher number of balls which consequently increases the energy transferred to the
powder [72], Suryanarayana [72] who studied mechanical alloying and milling processes

stated that the energy required for the physical process of size reduction in grains of
powders being mechanically alloyed can be shown by E which is equal to yi AS, where /
is the specific surface energy and ΔS is the change in the surface area. For this process /

can be considered constant therefore according to the formula (E= ∕ ΔS) by increasing
the energy during the alloying process, the surface area is going to increase. Higher

surface area can be translated into smaller and finer powder grains. Moreover, the time

required to achieve alloying of the elemental powders as well as to achieve the
amorphous phase will decrease by increasing the ball to powder weight ratio due to the

increase in the energy and the heat generated during the mechanical alloying process
[124]. After this set of experiments, we used the ball to powder weight ratio of 15:1 for
mechanical alloying of our FeSiB, FeSiBNb and FeSiBCu powder compositions.
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Figure 4.5 Crystal size of 120h sintered alloy with ball to powder ratio of 10:1 and 15:1

4.5 Conclusions
FeSiBCuNb alloys were processed via mechanical alloying followed by spark
plasma sintering. Effect of ball to powder weight ratio and milling duration on

amorphization, microstructure, crystallite size and mechanical and magnetic properties of
the alloy were studied. All the sintered samples showed very good magnetic properties

with the finemet alloy sintered from the 120-hour milled powder showing the highest

saturation magnetization of 166.8 emu∕g. This high saturation magnetization in case of
the 120-hour sample can be attributed to the high-volume fraction of α-Fe3Si phase

present in this sample according to the XRD results. The x-ray diffraction patterns of
powder finemet alloy mechanically alloyed for different milling durations as well as
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finemet alloy consolidated from these powders vis SPS showed α-Fe3Si phase as the
primary phase present. A significant broadening of (110) peak of Fe3Si was observed

with longer milling durations which was attributed to the amorphization process as well

as a decrease in the Fe(Si) crystallite size. Traces of secondary boron phases were found
in the sample sintered from the 30h milled powder. The decrease in the crystallite size of

α-Fe3Si due to longer milling duration and/or increased ball to powder weight ratio cased
an increase in the microhardness value of the spark plasma sintered finemet alloy.

Scanning electron microscopy analysis of the samples further proved the grain size
reduction with longer milling durations as well as finer and more uniform micro structure

in case of samples sintered from powers milled for longer times (comparing between 2

samples with the same SPS and milling parameters except for milling duration). Sample
with the longest milling duration showed the highest volume fraction of α-Fe3Si phase

which led to the highest saturation magnetization value in case of this sample. However,
this very high volume fraction of Fe(Si) phase also led to comparatively higher coercivity

value in case of the sample sintered from the 120h milled powder due to increased

magnetostriction. The higher coercivity value in case of the 120h sintered sample can

also be attributed to the longer milling duration which due to the nature of the mechanical

alloying process results in higher residual stress in the powder alloy from which the
sample is sintered.
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CHAPTER V
ENERGY MAPS AND AMORPHIZAION OF MECHANICALLY ALLOYED FeSiB
ALLOYS AND THE EFFECT OF SPARK PLASMA SINTERING ON MECHANICAL

AND MAGNETIC PROPERTIES

5.1 Abstract
During the mechanical alloying process the kinetic energy of the rotating milling
balls gets introduced to the powder being milled. The amount of energy introduced to the
powder during the mechanical alloying process can impact the amorphization of the

resultant powder alloy. The impact energy of each ball and the total energy of the milling

process for mechanically alloyed FeSiB-based samples were calculated and an energy
map was drawn for samples milled with different milling processing parameters. The

minimum energy required for a single ball and the window of energy in which the
resultant powder alloy would have amorphous structure is defined. Moreover, effect of

spark plasma sintering processing parameters on mechanical properties and magnetic
behavior of the sintered FeSiB-based alloys are reported. Comparison between samples

that were spark plasma sintered from the same powder alloy but sintered at two different
temperatures showed an improvement in saturation magnetization values as the sintering
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temperature increased. Coercivity of samples mechanically alloyed with the same

condition and sintered with 470 oC and 510 oC were examined and it was observed that
increasing the sintering temperature increases the coercivity value. Effect of heat

treatment (annealing) on magnetic and mechanical properties of the sintered alloys was

also studied. The comparison between samples, one annealed and one not annealed, both
processed with the same mechanical alloying and spark plasma sintering processing
parameters showed that saturation magnetization of the alloys increases with the
annealing heat treatment. However, an increase in the coercivity value was also observed

in the heat-treated samples. Microhardness of samples processed with higher sintering
temperature showed an improvement in comparison to samples sintered at lower
temperatures. A coarser microstructure was observed in case of samples sintered at

higher temperatures. Samples processed with our methods (mechanical alloying followed
by spark plasma sintering) show high saturation magnetizations as compared to magnetic

alloys with similar compositions fabricated with other methods. Saturation magnetization

values as high as 174.6 and 182.8 emu/g were observed for samples milled with rotation

speeds of 700 rpm, ball size of 3 and 5mm, ball to powder ratios of 5:1 and 10:1 and

milling durations of 10 and 30 respectively. The first sample was sintered with sintering
temperature of 470 oC and maximum pressure of 600 MPa with holding time of 5
minutes and the second sample was in powder format (not sintered).

5.2 Introduction
As a result of constant collision between the milling balls and the powder during
the mechanical alloying process kinetic energy is introduced to the powder that is being
milled. Mechanical alloying processing parameters can affect the milling and
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amorphization process as well as the total energy that is introduced to the powder and the

energy of each single ball. Mechanical alloying processing parameters such as milling
duration, ball to powder weight ratio, size of the milling balls and the rotation speed are
among these processing parameters. In this research work we have looked into all of

these processing parameters and their effect on the amorphization process of FeSiB-based
powder alloys as well as their impact on the total energy of the process and the energy of

each single milling ball. Previous studies that were done on amorphization of FeSiBbased magnetic alloys gave us a base for our own experiments. Other researchers who

worked with similar composition alloys reached amorphization with mechanical milling

of their alloys anywhere between 30 hours [129] to 300 hours [130] with ball to powder
weight ratio ranging from 5:1 [129] to 16:1 [130]. Higher ball to powder weight ratio and

higher rotation speed are among the milling parameters that increase the total energy of
the process. Eckert et al. [131] who studied the effect of milling intensity on mechanical

alloying of niobium-zirconium alloys concluded that increasing the intensity of alloying
will decrease the window in which the alloy shows amorphous structure. This means that

if the milling intensity or the amount of energy that is induced to the powder during the

milling process is higher than a certain value the amorphous phase will diminish, and the

structure will go back to crystallite. The reason for this can be attributed to the higher
temperature that is generated in case of the high intensity ball milling which in turn can
aid the crystallization. One of the ways to reduce the temperature that is generated during

the milling process is to use process control agents. Some studies have shown that

without the help of a PCA, amorphization often cannot happen during the mechanical

alloying process [132]. Other researchers have shown that using a PCA during the
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process increases the amorphization window for ball milled alloys [133-134]. However,
some studies have shown that contamination of the milled powder with the PCA has

reduced the glass forming rage of the alloy [135]. Therefore, it is important to choose the
PCA agent that is appropriate for mechanical alloying of each individual alloy

composition. In our studies we compared benzene and stearic acid as PCA for our FeSiB-

based alloys. In our experiments we used benzene and stearic acid as PCA for samples
with the same composition that were mechanically alloyed using the same parameters and

after XRD analysis we observed a higher level of carbon contamination from the sample
with benzene as PCA even though the 2 wt% PCA was used in both cases. Furthermore,

for the same milling parameters we observed higher levels of amorphization for samples

that were milled using stearic acid as PCA as compared to samples that were milled using
benzene.
El-Eskandarani et al. [71] who studied the mechanical alloying of Ti-Al alloys
came to the conclusion that higher ball to powder weight ratio results in higher rates of
amorphization in these alloys. Burgio et al. [136] also studied the effect of ball to powder
weight ratio on amorphization of powders via ball milling. However, in their study on
mechanically alloying of iron-zirconium Burgio et al. [136] kept the number of milling
balls the same and change the amount of powder that is being milled instead. From their

experiments Burgio et al. [136] realized that the higher amount of powder being milled

will result in less amorphization during the mechanical alloying process. A higher total

energy and higher energy of a single milling ball does not always result in crystallization.
In fact, increasing the energy of a single ball increases the defects generated in the
powder particles which results in higher amorphization. Therefore, it is important to
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know the range in which amorphization takes place [131]. Our goal in this chapter was to

find the glass forming range and the window of total energy of the mechanical alloying

process in which amorphization takes place for FeSiB-based alloys. We also aimed to
find the minimum energy of a single ball that is required for amorphization to take place

in order to be able to generate a working energy map for mechanically alloyed FeSiB-

based magnetic alloys.
Spark plasma sintering is a process in which a direct current (DC) and a uni-axial

pressure is used in order to densify powder material. The spark plasma sintering

technique can be used for processing ceramics, metallic, composite powders etc. [132133]. The main advantage of the spark plasma sintering process in comparison to

conventional sintering processes is its higher speed. The faster sintering process prevents
grains from growing aggressively and helps to retain the nanocrystalline structure. In the
spark plasma sintering technique sintering happens when high temperature is generated

as a result of spark discharge in the gaps or contact points in between the particles of the
powder that is placed in between the die and punches. This local high temperature causes

melting on the surface of the particles and the combination of pressure in the SPS process

accompanied by the high temperature helps in formation of fully dense components. One

of the greatest advantages of the spark plasma sintering process is that it can be used for

many different powder materials with wide range of particle sizes. The ability to process
a large range of materials and particles sizes is why spark plasma sintering has gained a

lot of attention for processing amorphous and nanocrystalline materials. The spark
plasma sintering technique is also capable of fabricating near-net shape components with

symmetrical and simple geometries in a single step. Spark plasma sintering uses an on
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and off direct pulse for heating up the powder homogeneously from inside and outside.

This results in faster heating and consequently shorter sintering process which prevents
grain growth and crystallization [64]. According to Joule’s heating law, the current has a

tendency to pass through an area with the least resistance. In case of the powder trapped

in between the die and punches in an SPS machine the areas of least resistance are the
particle borders and boundaries. The electrical field passing through the particle

boundaries generates enough heat that causes sintering [134]. Magnetic alloys fabricated
using the SPS technique show high densities and homogeneous microstructures. The high
density and homogeneous grain structure of magnetic samples processed with spark
plasma sintering results in high saturation magnetization and permeability for these alloys

[135]. Although there are several processing parameters that can affect the samples
fabricated with sintering process, temperature has the most effect on mechanical and
magnetic properties of SPS-processed magnetic alloys. Very few research has been done

on SPS-processed soft magnetic alloys and therefore the effect of the sintering parameters
on magnetic alloys is not yet fully understood. Holding time and temperature have the
most effect on the micro structure of the SPS-fabricated samples. Xio et al. [66] who

studied the iron-based magnetic alloy proved that sintering temperature affects the
magnetic properties of the alloy. In their studies Xio et al. [66] stated that saturation
magnetization as well as coercivity are affected by sintering temperature and higher

temperature improves the saturation magnetization and the coercivity of the magnetic
components (increased Ms and decreased He). Composition of alloys from the above-

mentioned study is different than the base composition of the samples studied in this
research work. The effect of sintering temperature on SPS-processed iron-based magnetic
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alloys was also studied by Neamtu et al. [67] who used low pressures and high sintering

temperatures for their process. In this study [67] utilization of graphite dies, and punches
prohibited achieving higher pressures during the SPS process therefore, in order to obtain

fully dense parts at lower pressures Neamtu at al [67] increased the sintering temperature
to high temperature of 800 °C and they observed an enhancement in magnetic properties

of the sintered parts due to higher levels of densification. However, choosing graphite
dies and punches for this study [67] might have just been due to the fact that these dies

and punches are capable of enduring higher temperatures than tungsten carbide dies and

punches and reaching temperatures as high or higher than 800 °C with tungsten carbide
dies and punches is practically impossible. Gheiratmand et al. [136] studied the sintering

of two types of Finemet powder alloys (amorphous and semi-crystallite) at high holding
times and low pressures. From their research on amorphous and semi-crystallite powders

they concluded that the density of the sintered alloy depends on the initial sate of the
powder and samples sintered from amorphous powders tend to show higher densities as
compared to samples fabricated from partially crystallized powders. Another important

factor that impacts the SPS-processed alloys is the maximum pressure. Xio et al. [66]

stated that if the loading pressure during the SPS process is less than 500 MPa the
powders would not be properly consolidated or may require longer holding times to
achieve full densification which might result in grain growth and crystallization.

Therefore, it is important to choose a maximum pressure that would help reduce the
sintering time. Since we could use tungsten carbide dies and punches for our
experiments, we were able to increase the maximum pressure to 600 MPa. Another

important factor in the SPS process is the holding time which is the time that the powder
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is kept inside the die and in between the punches under the maximum pressure and the

highest temperature in the process while sintering is taking place. Spark plasma sintering

of FeSiB composition was done by Neamtu at al. [71] who sintered the samples with
holding time ranging from 1 to 15 minutes using different sintering temperatures and
loading pressure of 30 MPa. The range for the sintering temperature of their experiments

were from 450 oC to 900 oC. Neamtu at al. [67] only observed full densification of the

FeSiB alloy at temperatures higher than 800 oC due to a very low loading pressure. They
achieved higher levels of densification with longer holding times [67]. However,

choosing higher holding times will increase the chance of crystallization and grain
growth. Therefore, in this research work we have used the high compaction pressure of
600 MPa to avoid increasing the holding time or sintering temperature in order to achieve

full densification. Different sintering temperatures were used to determine the effect of
this parameter on magnetic, mechanical and microstructural properties of FeSiB magnetic

alloys.

5.3 Experimental procedures
The Fe77.5Si 13.5B9 composition was milled with ball to powder weight ratios of
5:1, 10:1 and 15:1 with rotation speed of 700 rpm and milling duration of 10, 20 and 30
hours with ball sizes of 3 and 5 mm from Fe, Si and B elemental powders. Stearic acid

was used as PCA, and 10-minute pauses were put in between 10-minute milling cycles in
order to prevent excessive heating. Spark plasma sintering process was done under

controlled argon filled atmosphere. The powder was pre-compacted with 20 MPa
pressure and the maximum pressure during the sintering process was at 600 MPa. The

holding time of 5 minutes was used for all the experiments and the heating rate was kept
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at 30°C∕min and the pressure was increased at the rate of 1OO MPa/min. Different
sintering temperatures were selected in order to study the role of sintering temperature on

microstructure, mechanical properties and magnetic behavior of the FeSiB magnetic
alloys. The dies and punches used for the SPS process were made of tungsten carbide and

were covered with graphite foil in order to prevent direct contact between the powder

alloy and the dies and punches as well as for better electrical conductivity. Differential
scanning calorimetry (DSC) was performed in order to find the crystallization
temperatures of different phases in the alloy powder and 2 temperatures of 470 oC and

510 oC were chosen, one bellow and one above the crystallization temperature of the

alloy that was found to be 500 0C from the DSC experiment results. Annealing heat
treatment was done on FeSiB sample milled with BPR 10:1, ball size of 3mm, milling

duration of 30 hours and rotation speed of 700 rpm which showed the highest level of
amorphization among all our ball milled samples. Annealing was done in an oven furnace

at the temperature of 200 oC for duration of 2 hours in order to relieve the residual stress
induced to the powder during the mechanical alloying process. The oven furnace was not
inert atmosphere therefore in order to prevent the alloy from oxidizing a glove box filled

with argon atmosphere was used. After the milling process the milling vials were placed

inside the glovebox and powder was taken out of the vial, weighed and placed in a secure
container with a sealed lid for annealing. The mechanical and magnetic properties as well

as the microstructure of the sample sintered from the annealed powder was then
compared with sample sintered from the same powder batch (milled with the same

parameters) but un-annealed. The micro hardness values of the SPS consolidated samples
were measured using a standard Wilson Vickers microhardness tester. The
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measurements were taken under a load of 5N and dwell time of 10 seconds. For each
sample microhardness readings of 10 different spots were taken into account and the

average value was reported. For microstructural analysis, the spark plasma sintered

samples were mounted and polished using an automatic polisher, polishing was done on
different grit polishing papers ranging from rough to soft (250 to 1200 grit) and a final
polishing was done using colloidal silica on a micro cloth. Vibrometer was used for the
final polishing stage in order to get a clearer view of the microstructure. After the

polishing steps the samples were viewed and characterized with a FEI-Quanta NovaSEM. Both secondary and backscattered images were taken at magnifications ranging

from 100x to 5000x. grain sizes of the alloys were measured using the SEM images.

Magnetic properties of the mechanically alloyed as well as spark plasma sintered alloys
were measured using a magnetometer (VSMLakeshore 7404) with maximum magnetic

field of IT. The structure and phases of powder and consolidated samples were
determined with a X-ray diffraction (XRD) using a Rigaku Ultima III X-Ray
diffractometer (Cu Kα radiation, 1.54 A).

5.4 Results and discussion
5.4.1 Mechanical alloying and x-ray diffraction of FeSiB-based alloys
Mechanical alloying is a simple process that has gained attention for obtaining
amorphous phase through solid state amorphization of powder instead of conventional

rapid solidification processes [137-138]. In this research work we have studied the
amorphization of FeSiB-based magnetic alloys prepared by mechanical alloying. In the

past, scientists have achieved amorphization via mechanical alloying for other alloy
compositions. Researchers such as kotch et al. [138] who reported the first amorphous
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alloy, prepared by mechanical alloying, which contained nickel and niobium, Hellstem et

al. [139] who studied the amorphization of zirconium alloys and Veltl et al. [140] who
explored the amorphization of copper and tantalum-based alloys have all studied the

amorphization of alloys via mechanical alloying in the past. The reason for choosing the
mechanical alloying process is due to the fact that this technique is known to have a much

wider glass forming range in comparison to conventional methods of making amorphous
alloys [105] therefore it is preferred for obtaining powder alloys in amorphous state.
During the mechanical alloying process, several different processing parameters can

affect the alloying process. These parameters include the ball to powder weight ratio,

milling duration, rotation speed, size of the milling balls and even the PCA that is used
during the process. In this research work we have studied all the above-mentioned

parameters for FeSiB-based magnetic alloys processed via the mechanical alloying

process followed by Spark Plasma Sintering (SPS) technique. Experiments were designed
in a way that one MA parameter was changed at a time while the rest of the parameters
were kept the same in order to find the role of each particular parameter on

amorphization of the alloyed powder. From our previous experiments with FeSiB,
FeSiBCu, FeSiBNb and FeSiBCuNb we found that we can reach amorphization after 120

hours of milling using 3mm milling balls, rotation speed of 350 rpm and 10:1 BPR as

milling parameters. For the next step of our research work we decided to study the
amorphization of FeSiB alloys under higher rotation speeds but shorter milling durations.
Therefore, we chose 700 rpm as the rotation speed and 10 to 30 hours as milling

durations. Moreover, for understanding the role that size of the milling balls plays in the
amorphization process 2 different ball sizes were looked into: 3 mm balls and 5 mm balls.
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Figure 1 shows the XRD patterns of 10 different samples that were mechanically alloyed

with the same rotation speed of 700 rpm, milling durations of 10 to 30hours with ball

sizes of 3 and 5mm and ball to powder ratios of 5:1, 10:1 and 15:1. Based on the results
from our experiments increasing the BPR higher than 15:1 is not advised since a great
amount of powder will end up sticking to the milling bowl, consequently decreasing the
powder yield and it would also increase the chance of contaminating the powder with the

milling media. Additionally, a very high BPR might result in crystallization of the
powder due to excess kinetic energy that can be converted into heat during the process.

From fig. 5.1 it can be observed that the best result in terms of amorphization is
obtained from the sample that was milled for 30 hours with BPR 10:1 and ball size of

3mm. From the x-ray diffraction patterns of the powder alloys the other amorphous

samples with the broadest XRD peaks and smallest crystallite sizes were: BPR 10: land
milling duration of 20h with 3mm balls, BPR 10:1 and milling duration of 10h with 5mm
balls, BPR 15:1 and milling duration of 10h with 3mm, BPR 15:1 and milling duration of
10 with 5mm balls and finally BPR 5:1 and milling duration of 20h with 5mm balls in
sequence. As it can be seen, using ball to powder ratio of 5:1 does not necessarily result

in a completely amorphous powder or a complete crystalline structure. It can also be seen

that in comparison between powders mechanically alloyed with the same milling duration
and ball size, powders with BPR 10:1 show the most promising results in terms of

amorphization.
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Figure 5.1 XRD patterns ofFeSiB powder mechanically alloyed with Rotation Speed of
700rpm and different milling duration, ball to powder ratio and ball size
Figure 5.2 depicts the XRD results from powders that were milled with the same

rotation speed and ball size but different milling durations and BPRs. By comparing
samples with milling duration of 10 hours it can be concluded that even though both

samples show an almost amorphous structure, the 10:1 sample depicts a broader peak and
lower crystallite size. It can be concluded that when the ball to powder ratio is too high,

(in our case BPR 15:1), or too low (BPR 5:1), it can negatively affect the amorphization
process. The increased number of collisions during the milling process and generation of
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more energy can produce excessive heat which results in powder alloy with more

crystalline phase present [140]. On the other hand, if not enough total energy is
transfeιτed to the powder during the milling process, amorphization does not take place.
In order to understand the role of ball size in amorphization of FeSiB alloys, we

studied samples milled with the same rotation speed of 700 rpm and 3 different BPRs, 3

different milling durations and 2 different ball sizes. When we compared samples with
the same BPR and milling time in 4 different cases we observed that the powder milled

with ball size of 3mm showed more amorphization as compared to powders milled with
5mm balls. This comparison can be observed form XRD patterns depicted in figure 5.2.

In case of samples with BPR 10:1 and 30h milling time, samples with BPR 15:1 and 10h

milling time, samples with BPR 10:1 and milling time 20h and samples with BPR 5:1 and
milling time 10h all milled with 2 ball sizes of 3 and 5 mm, it can be observed that the
powders milled with the 3mm balls are showing more promising results in terms of level

of amorphization. According to Suryanarayna et al. [141], during the mechanical alloying
process the smaller balls create more intense friction action which consequently enhances
the amorphization process. From the figure 5.2 it can also be concluded that increasing
the milling duration can improve the amorphization. In comparison between samples
milled with 3mm balls with BPR 10:1 and 30 and 20 hours of milling as well a 5mm balls

with BPR 5:1 and 10 and 20 hours of milling, it can clearly be seen that higher milling

duration results in more amorphization.

86

2-Theta(degree)
Figure 5.2 XRD patterns and crystallite sizes of FeSiB powder mechanically alloyed with
Rotation Speed of 700rpm, 5mm ball size and ball to powder ratio of 10:1 with different
milling duration

From figure 5.3 it can be observed that in case of the powder milled with BPR
10:1 and rotation speed of 700 rpm for 20 hours the peaks have started to become broader

which is a sign that amorphization has begun but the sample does not reach full
amorphization until 30 hours. As it can be seen in XRD patterns of figure 5.2, we
obtained an amorphous powder after 30 hours of milling and therefore did not continue

the process for longer milling durations, however, it is worth mentioning that if the

milling duration is too long the micro structure can go from amorphous back to crystalline
state which was not what we intended for our investigations.
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Figure 5.3 XRD patterns and crystallite sizes of FeSiB powder mechanically alloyed with
Rotation Speed of 700rpm and 3mm ball with different milling duration and ball to
powder ratios

This phenomenon was observed in our previous investigation on FeSiB samples
milled with ball size 3mm, BPR 10:1 and rotation speed of 30, 60 and 90 hours. While

the 3 Oh sample did not show any sign of amorphization the 60 and 90h samples had
somewhat more promising results. However, it can be seen in figure 5.4 that the 60h

sample has the highest amorphization level while the 90h sample is almost back to

crystalline structure.
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Figure 5.4 XRD patterns and crystallite sizes of FeSiB powder mechanically alloyed with
Rotation Speed of 700rpm, BPR 10:1 and 3mm balls with different milling duration
In the past we have investigated mechanical alloying of FeSiB-based alloys such

as FeSiBCu, FeSiBNb and FeSiBCuNb (fmemet), with lower rotation speeds of 350 rpm
and 500 rpm and longer milling durations of up to 120h. We only observed

amorphization in one finemet sample milled for 120 hours with rotation speed of 350 rpm
and BPR 10:1. This is the reason we decided to study higher rotation speeds with shorter

milling duration for the rest of our experiments. Furthermore, as discussed in the

literature review section the PCA has a significant effect on the amorphization process.
The 2 control agents available for this study were stearic acid and benzene. These 2 PCAs
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were examined in order to find the best option for amorphization. After comparing the
XRD patterns of samples that were mechanically alloyed using a powder with the same

composition (FeSiB) and the same BPR, rotation speed, ball size and milling duration, we
observed much better results in terms of amorphization in samples that used stearic acid

as PCA than samples that used benzene. Since cold welding can reduce the powder yield
specially in higher rotation speeds, we chose stearic acid as our PCA for our experiments

with 700 rpm rotation speed.

5.4.2 Energy maps of FeSiB-based alloys
The amount of energy that is induced to the powder during mechanical alloying
affects the amorphization process and the glass forming ability of blend of elemental
powder composition. Ball to powder weight ratio, milling duration, size of the milling

balls, number of balls, rotation speed etc. directly impacts the amount of energy that is

introduced to the powders during the milling process. In order to understand the role of
these parameters on the mechanically alloyed powders these processing parameters were
converted into two parameters: the impact energy of a single ball and the total energy of

the mechanical alloying process [142]. A milling map based on these two parameters

have been prepared for FeSiB-based powder alloys in many different milling conditions.

Based on the energy map our goal was to find out whether there is a minimum or

maximum impact energy of a single ball which is required for amorphization to take
place and if so, what are these values, as well as a window of total energy value in which
milled samples will be amorphous. There is few research done on the effect of

mechanical alloying processing parameters on formation of amorphous phase in ball
milled powders however, researchers such as Magini el al., [143-145], Murty et al. [105-
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142-146] and Burgio et al. [136] have studied the mechanical alloying process of other
alloys with different compositions, which was a basis for our research and energy
calculations. Eckert et al. [131] who studied the glass forming range of mechanical
alloyed Ni-Zr have reported a very narrow range when no PCA was used during the

process. Therefore, in an effort to increase this range we tried wet mechanical alloying
with help of stearic acid as PCA which reduces the overall temperature during the process
and prevents crystallization. We also experimented with different milling/pause time
ratios and came up with the best milling/pause time that would give us the highest
amount of amorphous phase (based on XRD results) in any given experiment. We used 3

different BPRs of 5:1, 10:1 and 15:1 and used the same amount of powder for all of our
experiments, we also used the same rotation speed and same milling duration and we

realized that increasing the ball to powder weight ratio from 5:1 to 10:1, increases the
amorphization. This can be explained by the increase in the kinetic energy that is induced

to the powder in case of higher BPR [147]. However, further increase in the BPR results

in a decrease in the amorphous phase which is due to excess energy during the process

that can be converted into heat and cause formation of small amounts of crystalline
phases. Based on amorphization information from XRD graphs, samples with BPR 5:1

have levels of kinetic energy that are too low to be sufficient for converting the

crystalline phases into amorphous phase. Another factor that can affect the amorphization
process is the degree by which the milling bowl is filled with powder. Filling level is a
separate parameter than ball to powder weight ratio. In order to understand the role of
powder amount on amorphization we experimented with 2 separate but identical milling

bowls each filled with balls and powder with weight ratio of 10:1 and concluded that with
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the same BPR the powder from the experiment with higher level of filling in the bowl

showed less amorphization compared to the powder from the bowl with less powder in.

This is explainable by the fact that the impact energy that each milling ball has is affected
by the level by which the bowl is filled [148]. Moreover, Murty et al. [142] showed that
the contamination of the milled powder that might occur during the milling process

depends on the number of balls and not the BPR. This means that increasing the number

of balls to keep the BPR the same can harm the resultant alloy powder in terms of
contamination with the milling media.

The energy of a single ball and the total energy of the milling process have been

calculated by Joardar et al. [149] who used a milling machine with similar mechanism to
our Fritsch Pulverisette 7 high energy planetary ball milling machine. The energy of

each milling ball is altered when it interacts with other milling balls in the vial.

According to Burgio et al. [136] the energy of each ball is reduced by a factor when it
interacts with other balls. The basic formula for kinetic energy is K=0.5mv2 which in this

case can be written as:

Where Eb is the energy of a single ball, mb is the mass of a ball and vb is the absolute
velocity of the ball. As mentioned before, when multiple balls are used during the milling
process energy of each ball is a factor of energy of it if it was alone in the milling bowl.
This equation can be written as:

Where:
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The variable Qb depends on nv which is called the packing fraction. The packing fraction
is dependent upon the ratio of number of balls used in an experiment and the total number

of balls that can fit in the milling bowl. Therefore, nv can be written as:

where nb is the number of balls that are used in an experiment and nb.v is the total

number of balls that can fit inside the bowl. In order to calculate the total number of balls
that can fit in the bowl we can divide the total volume of the milling bowl, which is in
shape of a cylinder, to the volume of a single spherical milling ball. Assuming that π=3,
nb.v can be written as:

where D and H are the diameter and height of the milling bowl and d is the diameter of
each ball. The ξ factor is equal to 1.193 for 3mm balls and 1.462 for 5mm balls. Next, we
need to calculate the total amount of energy that is transferred to the powder during the

milling process per unit mass of powder that is being milled. The total energy per unit
mass depends on the energy of a single ball (Eb') the number of balls (nb) the frequency

by which the balls collide (f) and the total milling duration (t).

Where mp is the mass of the milled powder. Iasonna and Magini [143] have calculated
the frequency of impact for a single ball:

Where Ω is the rotation speed of the disk, ω is the rotation speed of the vial and k is equal
to 1.5.
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For our milling machine, Fritsch Pulverisette 7, the ratio of rotation speed of the

disk to the rotation speed of the vial is — =2. The total energy per unit mass and energy of
CO

a single ball have been calculated for 19 different powders milled under different

conditions. The BPR, ball size, rotation speed and milling durations of these conditions
are listed in table 5.1.

Table 5.1 Energy of a single ball and the total energy of the milling process for
mechanically alloyed FeSiB-based alloys with different BPR, ball size, rotation speed
and milling duration
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Figure 5.1 shows the XRD patterns of the first 4 samples which all show
amorphous structures. The point that these samples have in common is their higher

rotation speed accompanied by shorter milling times of only up to 30 hours. However, the
best result was observed after 30 hours of milling. According to Murty et al. [142] at

longer milling times, as the powder particles become finer, the diffusion distance between
them becomes smaller which aids the amorphization process and therefore observing

more amorphous phase in samples with longer milling times can be explained.

Furthermore Murty et al. [142] studied the morphology of mechanically alloyed powder
particles with different milling durations and found that powder particles are more
uniform and spherical shaped in case of longer milling durations which can have a

positive effect on the amorphization process. According to XRD patterns obtains from all
the powder alloys, samples with the following mechanical alloying processing parameters

showed amorphous structure: with rotation speed of 700 rpm and BPR, milling duration
and ball size as follows: 10:l-30h-3mm, 10:l-20h-3mm, 10:l-10h-5mm, 15:l-10h-3mm,

15:l-10h-5mm, 10:l-30h-5mm, 10:l-20h-5mm and 5:l-20h-5mm as well as one sample
from our previous study [150] with rotation speed of 350 rpm, 10:1 BPR, 120 hour of

milling with ball size of 3 millimeters. We have located the energy of a single ball as well

as the total energy transferred to the powder for each of the conditions that our
amorphous alloys were milled with on the energy map depicted in figure 5.5.
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Figure 5.5 Graph of Total energy and Energy of a Single Ball for Different Milling
Conditions
From this energy map it can be observed that all the samples that show
amorphous structure fall between total energies of 2462.13 and 7386.3. The XRD

patterns of mechanically alloyed powders that were milled with rotation speed of 500
rpm and BPR of 10:1 are depicted in figure 5.4. From this figure it can be observed that

even though these samples fall within the amorphization range of the energy map they do
not show amorphous structure. The same can be said for samples milled with rotation

speed of 350 rpm with BPR of 15:1 and ball size of 3mm with 90- and 120-hours milling
duration.

From this we concluded that there is a minimum impact energy for a single ball that is
needed for amorphization to take place and these powders were all milled with energy of
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a single ball less than that amount. From the energy map (fig. 5.5) we can see that any

sample that shows amorphous structure falls above the line of impact energy of 0.0029 J

for each single ball. This phenomenon was also observed by Murty at al. [142] who
found out that there is a minimum milling intensity needed in order to obtain amorphous
TiNi and TiCu powders via mechanical alloying. Using this milling map we can make a

clear prediction about the minimum Eb needed for amorphization of FeSiB-based powder
via mechanical alloying. The importance of this milling map is that it is the result of

many experiments on the FeSibB-based compositions, and they can predict the
amorphization of the alloy powder with any given milling parameter using the formulas.

5.4.3 Annealing
Powder alloys processed by mechanical alloying are prone to residual stress
induced by the milling media [151]. In this research work one of goals was to investigate

how residual stress can alter the magnetic properties of the milled alloy by reducing it via
the annealing process. During their experiments, Neamtu et al. [98] realized that the

saturation magnetization values for their mechanically alloyed magnetic alloys increased
from ~131 emu/g to ~141 emu/g after the annealing process. Similar results were

observed by Sinha et al. [152] who studied the role of annealing on magnetic properties

of fιnemet alloys. Therefore, we investigated the level by which the annealing process
improves the magnetic properties of FeSiB alloy milled with high rotation speed of 700

rpm. In order to do so, we chose a powder that was milled for 30 hours using 3mm balls

and BPR 10:1, which had the highest level of amorphization amongst all our samples,
and annealed it for 2 hours with temperature 200 °C. The coercivity and saturation
magnetization values of the 2 amorphous powders, one annealed and not annealed, can be
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seen in figure 5.9. As it can be observed, the coercivity value is decreased in case of the
annealed sample and the saturation magnetization is increased which proves that the
annealing process and release of residual stress in fact improves the magnetic properties

of the mechanically alloyed magnetic alloys. We then sintered our amorphous powder
alloys (annealed and un annealed) in 2 different temperatures of 470 oC and 510 °C. We
then studied the role of annealing on magnetic properties of both sintered samples.

Interestingly the coercivity value was increased in both cases of samples sintered at 470

oC and 510 °C. As can be observed in fig. 5.6 even though the coercivity values of

samples sintered from annealed and regular powders were close, the sample sintered from
the annealed powder showed slightly higher coercivity. These higher coercivity values

can be explained by the higher intensity of the Fe2B and Fe23B6 peaks (from the XRD
patterns) and presence of slightly larger volume fractions of these 2 phases in these
samples.

We also compared the microhardness and crystallite sizes of samples sintered
from annealed and regular (not-annealed) powders. From table 5.2 it can be seen that the

crystallite size of the annealed samples is slightly larger than the samples that did not go
through annealing. According to the Hall-Petch relationship microhardness and crystallite
size have an inverse correlation. This can explain the fact that the microhardness of the

annealed samples is slightly lower than the samples sintered from regular powder. Kotan

et al. [153] have stated that when the crystallite sizes are smaller (in range of nanometers)
the slope on their Hall-Petch plot is also smaller. This can explain why we do not observe

drastic changes in the microhardness values of our samples.
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Table 5.2 Microhardness and crystallite values for FeSiB sintered samples

Condition

Crystallite Size
(nm)

Microhardness
(HV)

10h-3mm-470-5tol

14.8

694.2

10h-5mm-470-5tol

11.2

974.5

3 0h-3 mtn-470-10to 1

6.3

1176

30h-3mm-470-10tol (HT)

7.7

1167

30h-3mm-510-10to 1

8.4

1127

30h-3mm-510-10to 1 (HT)

9.1

1122

5.4.4 Magnetic properties of heat treated and not heat treated powder FeSiB alloys
There are several parameters that can be altered in the SPS process. The most

important of these parameters includes packing pressure, holding time and the maximum

heating temperature. In this research work we aimed to discover if and how SPS
processing parameters can affect the magnetic, mechanical, and microstructural behavior

of the consolidated magnetic powders. Studies have shown in the SPS process higher
packing pressure, higher temperature and higher holding times will produce samples with
higher density [142]. Therefore, in order to be able to keep the short holding time of 5

minutes along with lower sintering temperatures we have used 600 MPa packing pressure

for all of our experiments. There are 2 types of dies and punches that can be used in the
SPS process. The ones that are made of graphite and the ones that are made of tungsten
carbide. The graphite dies and punches are good choices when it comes to higher

temperatures however, they cannot endure pressures higher than 60 MPa for a 20mm die
and 200 MPa for a 10mm die. On the contrary, dies and punches made of tungsten
carbide can tolerate pressure up to 250 MPa for a 20mm die and 1200 MPa for 10mm
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dies but are incapable of enduring temperatures higher than 600 °C whereas graphite dies,

and punches can endure temperatures up to and even higher than 1000 0C. For this
research work we choose 10 mm tungsten carbide dies and punches that can go up to 600

MPa pressure and 510 0C temperature which is our highest target temperature. From our

previous experiments [37] [ 150], we had observed that Fe2B, Fe3B and Fe23B6 phases

appear after the SPS process. The 470 and 510 °C sintering temperatures were chosen
based on DSC data acquired for the powder in order to find the crystallization

temperatures of each of the phases mentioned. Based on this data the major exothermic
crystallization temperature peak was found to be at about 500 °C so we chose 470 °C as
one of our target sintering temperatures, which is a temperature bellow the crystallization
point to preserve the microstructure as much as we can, and 510 °C as another target
sintering temperature, which is a temperature slightly above the crystallization point, for
studying the role of altering the temperature on mechanical, microstructural and magnetic

properties of our samples. We studied 4 types of powder alloys for our SPS experiments.

We used our most amorphous powder in 2 types, one heat-treated and one not heat-

treated as well as 2 non-amorphous powders from our mechanical alloying experiments

(10h_3mm_5:l and 10h_5mm_5:l) for comparison. From figure 5.6 and table 5.3 we can
observe that, in case of the regular and heat-treated amorphous powders increasing the
sintering temperature has a positive effect on saturation magnetization but it also

increases the coercivity value significantly.
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Figure 5.6 Magnetization and coercivity graph for mechanically alloyed FeSiB samples
under different milling and SPS conditions for heat treated and non-heat-treated samples
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Table 5.3 Magnetization and coercivity values for mechanically alloyed FeSiB samples
under different milling and SPS conditions for heat treated and non-heat-treated samples

According to Gheiratmand et al. [68] higher density as well as uniformity of the

grains can increase the permeability and saturation magnetization values in magnetic
alloys. It has been proven that increasing the sintering temperature increases the density

of the SPS-fabricated samples [154] therefore it can be concluded that the samples
sintered at higher temperature will have higher saturation magnetization. The
mechanically alloyed 30h_3mm_10:l (heat treated and not heat treated) powder as well

as 10h_3mm_5:l and 10h_5mm_5:l powders that were all sintered with temperature of
470 °C have coercivity values in range of 33.4 to 99.7 Oe with average value of 61.3 Oe

which is considerably lower than 137.0 and 139.1 Oe values observed for samples
sintered at 510 0C. From the XRD patterns depicted in figure 5.7 it can be seen that
samples that were sintered at 510 oC show more intense peaks of Fe2B and Fe23B6. These

peaks are broader in case of amorphous samples sintered at 470 oC and almost non
existent in case of non-amorphous samples sintered at 470 °C. Formation of these
secondary phases can be attributed to higher sintering temperature which has given rise to

crystallization of theses 2 phases. Formation of Fe2B and Fe23B6 for temperatures higher
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than 500 °C can be expected since α-Fe2B forms between 496 o and 642 oC [59] and
Fe23B6 can form at temperatures even lower than that [58]. Moreover, the crystallite size

and microhardness of samples sintered at different temperatures is depicted in table 5.2. It

can be observed that for powders that were mechanically alloyed under the same
condition, the higher sintering temperature resulted in bigger crystallite size and lower

microhardness values which can be explained by the Hall-Petch relation.

Figure 5.7 XRD pattern of spark plasma sintered samples milled and sintered under
different conditions
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5.4.5 Scanning electron microscopy analysis of heat treated and not heat treated

sintered FeSiB alloys
Figure 5.8 shows the SEM images of SPS processed samples milled and sintered

under the following conditions: 30h_3mm_10:l_sintered at 510 0C, 30h_3mm_10:l heat
treated then sintered at 510 0C, 30h_3mm_10:l sintered at 470 0C, 30h_3mm_10:l, heat
treated then sintered at 470 0C, 10h_3mm_5:l sintered at 470 oC and 10h_5mm_5:l

sintered at 470 0C with the same magnification.
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Figure 5.8 SEM images ofspark plasma sintered samples with the following conditions
for milling duration, ball size, BPR and sintering temperature: (a) 30h, 3mm, 10:1,
sintered at 510 °C; (b) 3Oh, 3mm, 10:1 heat treated then sintered at 510 °C, (c) 3Oh,
3 mm, 10:1 s
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It can clearly be observed that samples that were only milled for 10 hours have

much rougher microstructure compared to 3 Oh samples which can be attributed to fined
powder particles that the samples were sintered from due to longer milling duration. The

coarse and non-homogenous microstructure in case of 1 Oh-milled samples also shows

that a lower level of alloying has taken place in these alloys compared to the 3 Oh-milled
alloys due to the limited milling time. In terms of difference in grain size and
homogeneity of the microstructure it can be seen that heat treatment only makes slight

changes to the microstructure when 2 samples sintered at the same temperature are

compared. On the other hand, a coarser microstructure is observed for both heat-treated
and non-heat-treated samples sintered at temperature of 510 oC compared to 470 oC

samples even though the initial powder for both 510°C and 470oC samples were the same
(heat treated or not). This difference is due to higher sintering temperature which
ultimately increases the grain sizes and coarsens the microstructure. These observations
can confirm that while milling duration of a powder alloy plays an important role in the
microstructure of the sample that is sintered from it, heat treatment is almost un effective

on the resultant sample.

5.4.6 Magnetic properties of heat treated and not heat treated sintered FeSiB alloys
Magnetic properties of a magnetic alloy can be influenced by various factors such

as the chemical composition of the alloy, the magnetostriction and magnetic anisotropy
[155]. Vibrating sample magnetometer results for powder and sintered samples are shown
in Figures 5.9 and 5.10 as well as tables 5.4 and 5.5.
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Figure 5.9 Magnetization and coercivity graphs for mechanically alloyed FeSiB samples
under different milling conditions

Table 5.4 Magnetization and coercivity values for mechanically alloyed FeSiB samples
under different milling conditions
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Figure 5.10 Magnetization and coercivity graph for mechanically alloyed FeSiB samples
under different milling and SPS conditions

Table 5.5 Magnetization and coercivity values for mechanically alloyed FeSiB samples
under different milling and SPS conditions
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These curves depict the magnetization versus applied magnetic field measured at

room temperature for all the samples. The saturation magnetization values from our
experiments are high in comparison to the findings of other researchers and the coercivity

values are reasonable. For instance, the highest saturation magnetizations observed in our
experiments are 182.8 and 172.7 emu/g for powder and sintered samples respectively

which are both higher than the highest saturation magnetization value that we obtained
from our amorphous powder in our previous studies for mechanical alloying processing

parameters of 120h, 350rpm, 10:1 [37][150] and coercivity values as low as 44.9 and
33.4 Oe which are lower than the lowest coercivity value that we have previously

observed which was 62.4 Oe. The highest saturation magnetization observed by

Gheiratmand et al. [68] who got Ms of 124 emu/g by mechanically alloying amorphous
ribbons and consolidating them by spark plasma sintering, Neamtu et al. [98] who got Ms

of 131 emu/g for their mechanically alloyed samples and Ms of 141 emu/g after
annealing as well as Alleg et al. [196] who observed Ms of 14.3 emu/g after 150h of

milling their finemet alloy are also lower than our maximum saturation magnetization.
The reason for higher saturation magnetization observed from our experiments is due to

alloying with optimized parameters as well as refinement of powder grains resulted from
mechanical alloying which in turn reduces the magneto crystalline anisotropy which

eases the rotation of domain walls and therefore increases the saturation magnetization

[156]. From our experiments we observed that the saturation magnetization values for
samples sintered from the same powder were proven to be close together. Samples

sintered from the amorphous powder that was milled for 30 hours with 700 rpm and 10:1
BPR had saturation magnetization in the range of 152.6 to 158.1 emu/g. Similarly, un
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sintered samples from the amorphous powder, one heat treated and one not heat treated

showed magnetic properties close to each other. However, there is a bigger change in

magnetic properties when it comes to samples mechanically alloyed with different
processing parameters. By changing the milling duration and ball to powder ratio the

saturation magnetization changes from the range of 152 to 158 emu/g to 174 to 182

emu∕g. Even the change in ball size between the 2 samples milled with 10h and BPR 5:1
are more significant than the changes between two powders milled under the same

condition with the only difference being the heat-treatment. Therefore, it can be
concluded that mechanical alloying processing parameters have a more significant effect

on the magnetic properties of FeSiB-based alloys than heat-treatment. Fig. 5.9 shows the

coercivity values for the mechanically alloyed samples. The results show that the
coercivity of samples milled for 10h, 5:1 BPR with 5mm balls are very close to 3mm
balls sample with the 5mm ball milled sample slightly higher. This is due to the fact that

the intensity of the boron phases (Fe2B and Fe23B6) is higher in case of 5mm powder

alloy compared to the 3mm powder alloy. Boron phases that are present in the sample
act as pinning sites for magnetic domains and therefore deteriorate the magnetization

value. The saturation magnetization of the 10h, 5:1 sample is higher than the 30h and
10:1 sample which might be due to presence of more Fe3S1 phase in the samples sintered
from these powder alloys. The same can be said for the comparison between the 1 Oh, 5:1,

5mm and the 10h, 5:1, 3mm samples where the saturation magnetization value is higher
in case of the 5mm sample. From the XRD patterns it can be seen that these 2 samples

have higher volume fraction of Fe3S1 phase. The higher saturation magnetization in case

of 10h_3mm_5:l and 10h_5mm_5:l samples sintered at 470 0C can be attributed to
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dispersion of large volume fraction of Fe3S1 particles in the amorphous matrix which
results in increased saturation magnetization [33].

5.5 Conclusions
FeSiB alloys were fabricated with different processing parameters via mechanical

alloying and consolidated via spark plasma sintering at different sintering temperatures.
Additionally, the energy induced by a single ball and the total energy of the mechanical

alloying process was calculated to determine at what window of energy amorphization of
FeSiB-based magnetic alloys takes place. The conclusions from our experiments are as
follows:

1) Samples sintered from a heat-treated powder showed higher saturation
magnetization but also higher coercivity values.

2) In case of powder alloys, heat treatment helped with decreasing the coercivity, but
this was not the case with the sintered samples

3) Using bigger milling balls resulted in higher magnetization and lower coercivity

4) Too low or too high ball to powder ratio hinders the amorphization process. The
ideal BPR was found to be 10:1
5) In order to reach amorphization a minimum energy for a single ball is required

even if the total energy of the process is in the amorphization window.
6) Mechanical alloying processing parameters have a more significant effect on the

magnetic properties of FeSiB-based alloys than heat-treatment.

Ill

CHAPTER VI

CONCLUSIONS AND FUTURE WORK
A novel way of processing bulk FeSiB-based alloys was presented in this study.

Mechanical alloying process was successfully used for producing amorphous FeSiBbased alloys and spark plasma sintering was used for consolidating the amorphous as
well as partially crystalline powder alloys into bulk format.

Effects of different mechanical alloying processing parameters (ball to powder weight

ratio and milling duration) were studied on Fe73.5Si13.5B9Cu1Nb3 (fmemet) alloys. Finemet

was milled with relatively low rotation speed of 350 rpm, with milling durations of 30,

60, 90 and 120 hours with ball to powder weight ratio of 10:1 in order to study the effect
of milling duration on amorphization, phase transformation, micro structure and
mechanical and magnetic properties of the alloy. The main phase observed in all the
milled finemet alloys was Fe3S1. Dispersion of α- Fe3S1 nano crystals in the iron matrix

was responsible for the high saturation magnetization values observed in all the finemet
alloys. Full amorphization of finemet powder was observed after 120 hours of milling

using 3mm milling balls, 10:1 ball to powder ratio and 350 rpm rotation speed. In order
to investigate the effect of ball to powder ratio finemet powder was milled for 120 hours

using 3mm milling balls, 15:1 ball to powder ratio and 350 rpm rotation speed. The
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results showed refinement in crystallite size with an increase in ball to powder weight
ratio. Finemet powder milled for 30 to 120 hours using 10:1 ball to powder ratio were

then consolidated using the spark plasma sintering technique. The crystallite size of the

samples was calculated using the Scherrer method based on the x-ray diffraction data. A
significant decrease in the crystallite size of the samples was observed for samples going
from 3 Oh milled to 90h milled however, the crystallite size did not decease significantly
from 90h to 120h which is in line with grain size changes occurring during the
mechanical alloying process where the grains get smaller significantly in the beginning of

the milling process but then the rate of particles getting fused together slows down the
size reduction speed. The microhardness of finemet samples increased with increase in

milling time which is in line with the Hall-Petch relationship which states that the
crystallite size and microhardness are inversely correlated.

Effect of adding two elements of copper and niobium to the base FeSiB alloy was

studied. Microstructure, mechanical properties, and magnetic behavior of FeSiB,
FeSiBCu, FeSiBNb and FeSiBCuNb alloys were studied. Copper containing samples
showed both higher saturation magnetization and coercivity values in comparison to

niobium containing samples. Both FeSiBCu and FeSiBNb samples had lower saturation
magnetization values in comparison to finemet alloy which shows that simultaneous

addition of these two elements to the base FeSiB alloy enhances the magnetic properties.

According to XRD data the main phase present in FeSiBCu and FeSiBNb samples was

Fe3S1 however, some secondary boron phases did appear after the spark plasma sintering
process. Crystallite size of the sample containing niobium was smaller than copper

containing sample and finemet sample which is due to niobium’s ability to prevent grain
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growth. Consequently, the microhardness values of the FeSiBNb sample were higher

than both FeSiBCu and Finemet sample. FeSiB alloys were mechanically alloyed for 30,
60 and 90 hours with rotation speed of 350 rpm and broadening of α-Fe(Si) peaks was

observed as the milling progressed however, full amorphization was not achieved for

FeSiB alloy. The magnetic properties of FeSiB improved with longer milling duration
with higher saturation magnetization and coercivity almost the same as 60h sample.
Amorphization process and influential mechanical alloying processing parameters

of FeSiB alloys were studied in depth in chapter 5. Mechanical alloying processing
parameters such as size of the milling balls, ball to powder weight ratio, the degree of

filling the milling bowl, rotation speed, PCA and milling duration were investigated.
Higher rotation speed of 700 rpm was chosen and in return milling durations were much
shorter than our previous experiments from chapters 3 and 4. Bal to powder ratios of 5:1,

10:1 and 15:1 and milling durations of 10, 20 and 30 hours were examined. Two different

sizes of milling balls were considered. Milling balls with diameter of 3mm and milling
balls with diameter of 5mm. The best result in terms of amorphization was observed with

ball to powder weight ratio of 10:1 and milling duration of 30 hours with 3mm milling

balls.
Effect of heat treatment on magnetic properties of parts fabricated from annealed
and not-annealed powder alloys was studied. The results showed a decrease in the

coercivity value of heat-treated powder alloy compared to its not-heat treated counterpart.
An improvement in saturation magnetization was observed for heat treated powder alloy
and SPS-fabricated alloy sintered from heat treated alloy in comparison to not heat-

treated powder alloy and the alloy sintered from powder that was not heat treated. Effect
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of spark plasma sintering maximum temperature on magnetic properties of alloys sintered
from amorphous FeSiB powder alloy was studied and the results showed an improvement

in saturation magnetization in case of sample sintered at higher temperature. However,
the coercivity value also increased in case of samples sintered at higher temperatures.

The amount of energy introduced to the milled powder was calculated in chapter
5 based on various mechanical alloying processing parameters. The total energy induced
to the powder and energy of a single rotating ball was calculated for three rotation speeds

of 350, 500 and 700 rpm, milling ball sizes of 3mm and 5mm, ball to powder weight
ratios of 5:1, 10:1 and 15:1 and milling durations of 10, 20, 30, 60, 90 and 120 hours. The

x-ray diffraction data from all the milled samples was then studied in order to corelate the
amorphization with total energy of the process and the energy of a single milling ball.

The result was a milling map designed to depict a window of total energy and a minimum

energy for a single ball in which the FeSiB-based alloys will show amorphous structure.
FeSiB-based alloys are proven to have outstanding magnetic properties and very

good mechanical properties. The volume fraction of different phases in the material
depends on the alloy composition. Fe(Si) phases are known to enhance the saturation
magnetization of the FeSiB-based alloys while secondary boron phases are known to

increase the coercivity values. The next follow up task would be to study various
compositions of iron, silicon and boron processed by mechanical alloying followed by
spark plasma sintering in order to discover the optimum composition for milled-SPSed

magnetic alloys. Moreover, it has been proven that addition of elements such as copper
and niobium improves the magnetic properties of the FeSiB-based alloys. However,
mechanical properties, thermal stability, corrosion resistance and other qualities of the
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FeSiB-based alloys need more in-depth research. Given the wide application of FeSiB-

based alloys in different industries, it is important to improve their properties for use in

different environments. Elements such as chromium are known to improve the corrosion
resistance of iron-based alloys however, their role on magnetic behavior of iron-based

magnetic alloys remains un-known. Effect of addition of elements such as chromium,

molybdenum, and phosphorus, which can each improve the mechanical properties of

iron-based alloy in some way on magnetic properties of spark plasma sintered amorphous
FeSiB-based alloys can be studied in detail in the future.
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